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Introduction 


In  recent  years,  side  by  side  with  the  development  or  industry 
ensroetics,  where  the  building  of  atomic  electrical  stations  la  of 
Qreat  importance,  much  attention  h3S  been  Given  to  the  creation  of 
low-oowered  self-contained  sources  of  electrical  energy  based  on  util- 
ization of  radioactive  isotope  decay  energy.  Such  sources  have  oeen 
developed  and  applied  mostly  for  supplyina  the  on  board  equipment  of 
artificial  earth  satellites  and  space  stations,  aceanonrpphic  and 
naviqation  devices,  meteoroloaical  stations,  etc.  [l  - 3'. 

The  main  forms  of  eneroy  that  may  be  transformed  into  electrical 
energy  are:  chemical  energy,  produced  durinq  the  combustion  of  fuel 

or  as  a result  of  electrochemical  processes  in  various  kinds  of 
batteries,  and  fuel  cells;  nuclear  energy  released  during  the  splitting  of  heavy 
fusion  of  liqht  nuclei  or  during  radioactive  decay;  the  energy  of 
solar  radiation  reaching  the  earth's  surface  or  the  space  craft. 

from  the  point  of  development  of  self-contained  electrical  energy 
sources  , chemical  sources  of  Galvanic  element  or  battery  types  have 
had  wide  application.  (Traditional  generators  based  on  combustion 
of  chemical  fuel  and  mechanical  methods  of  transforming  thermal  energy 
into  eiecticity  usually  require  systematic  service;  therefore,  they 
cannot  be  used  for  the  cases  studied  here.)  In  the  last  15  - 20  years 
all  possible  combinations  of  galvanic  pairs  with  different  electrolytes 
have  been  investioated  from  the  paint  of  utilization  as  current  sources. 
Only  a few  electrochemical  systems,  however,  a”e  of  practical  feasibility. 
Besides  the  classical  lead  and  nickel  batteries,  silver  batteries 
with  a zinc  or  cadmium  anode  have  become  industrially  important.  There 
are  also  a few  systems  „hich  have  hioh  short-term  capacity.  (In  aen- 
eral,  these  are  the  ampule  batteries.)  The  main  ch  racter istics  of 
galvanic  elements  and  storage  batteries  are  oiven  in  Table  1 [2,31  • 
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Table  1 

Key:  a)  System  and  type  of  electroelement 

b)  Electromagnetic  Force,  e.m.f. 

c)  Operating  voltage,  volts 

d)  Self-discharge  per  month,  % 

e)  Minimum  operating  temperature,  *’C 

f)  Soecific  energy  caoacity_ 
watt  hr/kg,  watt  hr/dm  1 

g)  Capacity  efficiency,  % 

h)  Energy  efficiency,  % 

1)  Service  life  (number  of  charae-disc  arae  cycles  or  time) 

j)  Lead  (acid) 

k)  Nickel-iron  (alkaline)  NI 

l)  Nickel-cadmium,  lamellar  (NC) 

m)  Nickel-cadmium,  nan-lamellar  (NNC) 

n)  Nickel-cadmium,  sealed  (NCS) 

o)  Nickel-zinc  (NZ) 

p)  Silver-cadmium  (5C) 
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Table  1 (cont’d) 

Key:  q)  Silver-zinc  (SZ) 

r)  Low  temperature  fuel  elements,  Bdcon  tyoe  (H<:-0a) 

s)  Hiah  temperature  fuel  elements  (C-0^),  (H2-0„) 

t)  Oxide-mercury  elements  (0MC) 

u)  Manoanese-zinc  (MZ),  alkaline 

v)  Cnpper-oxide  elements  (COE) 

id)  Operating  temperature 

x)  A feui  months 

y)  Years 

z)  Mote:  All  bisic  parameters  are  aiven  for  the  temoerature 

♦20JC. 


As  follows  from  the  table,  the  specific  energy  capacity  of  the 
best  (silver-zinc)  batteries  is  no  mare  than  120-130  watt  hr/kg  under 
the  most  favorable  ooersting  conditions.  The  utilization  of  these 
sources  in  higher  or  negative  temperature  regions  causes  deterioration 
of  their  characteristics. 

When  making  self-contained  systems  with  longer  service  time,  to- 
oether  with  useful  eneroy  consumotion,  the  self-discharoe  of  chemical 
batteries  oecomes  very  substantial.  It  restricts  the  operating  time 
and  lowers  the  value  of  energy  caoacity. 

One  of  the  consumers  of  self-contained  energy  sources  is  the 
Hydro-meteorological  Service.  In  the  Soviet  Union  every  year  auto- 
matic radiometeorological  installations  are  build  in  the  Far  North, 
in  the  deserts,  in  the  taiaa  end  in  hloh-mauntain  regions  where  neither 
sources  of  electrical  supply  nor  the  usual  meteorolooical  stations 
existed  and  could  not  be  set  up  because  of  severe  climate  or  difficult 
access.  The  electrical  supply  of  such  stations  is  usually  Derfomted 
with  nickel-cadmium  batteries.  The  battery  weioht  (for  supplying  the 
station  for  one  year)  is  1-2  tons,  while  the  weioht  of  the  station 
itself  does  not  exceed  a few  hundred  kilograms. 

If  it  is  passible  to  charae  the  batteries  with  a wind  turbine, 
then  the  weioht  of  the  suonlv  source  us  sliohtly  decreases.  However, 
the  normal  operation  cf  a wind  turbine  is  oos3ible  only  under  certain 
wind  conditions,  making  their  exploitation  difficult  and  not  Drovidino 
reliable  non-interruDted  station  ooeration.  It  i3  also  possible  to 
charae  the  chemical  batteries  with  tne  aid  of  thermoelectric  ctener- 
ators  operating  on  Houid  or  naseous  fuel,  but  such  aeneratars  reauirB 
systematic  maintains  ice , not  easy  under  self-contained  conditions. 

At  the  present  time,  the  oround  and  floatino  weather  stations 
have  been  developed  for  measurino  a laroe  numoer  of  parameters  and 
transmitting  them  to  renional  and  central  meteorolooical  centers. 

This  reauires  a power  increase  of  the  suddIv  source  and,  the  ef ore, 
leads  to  an  additional  increase  of  weioht  and  decrease  o'  reliability. 

The  increase  of  soecific  enercv  caoacitv  of  self-contained  elec- 
trical enemy  sources  is  the  basic  reauirement  fur  aeneratars  desioned 
far  suooly  of  the  on  board  enuiDment  of  soace  craft. 

Solar  elements  tooether  with  buffer  batteries  are  now  widely  used 
as  electrical  eneroy  sources  for  suodIv  of  on  board  equipment  for 
artificial  earth  satellites  anJ  space  stations.  At  the  present  time 
70-100  watts  of  electrical  pnernv  can  be  obtained  from  1 »iof  solar 
photoelement  surface.  As  al!  listed  sources  of  electrical  eneroy, 
solar  batteries  have  some  shvr tcomt nn9  restriction  tHcir  possible 
application.  The  surface  of  nlar  elements  must  be  protected  in  the 


radiation  reoion  of  the  earth  from  the  jshocka  of  micrometeorite  dust, 
overheatino  and  other  harmful  actions  jfl,9,15,16j  . 

Recently  exclusive  attention  has  been  qiven  to  desionino  and 
creatinq  electrochemical  fuel  elements  havinq  a specific  enemy  capacity 
which  exceeds  by  several  times  the  capacity  of  chemical  batteries. 

The  most  developed  and  potentially  useful  are  aoiarertJv  the  hydrooen- 
oxyqen  elements.  The  electrical  enemy  of  such  elements  is  obtained 
as  a result  of  transformation  of  chemical  enernv  into  electrical  enemy. 
The  element  can  operate  at  room  temperature  and  atmospheric  pressure, 
but  the  efficiency  of  the  electrochemical  process  substantially  in- 
creases with  increasinq  temperature  and  pressure. 

The  process  of  creatinq  fuel  elements  is  very  intense  in  the 
United  States.  In  particular,  the  battery  of  fuel  elements  has  been 
desioned  which  provides  electrical  eneroy  for  on  board  equipment  of 
the  .’•Gemini'*  satteli  te . ( the  maximum  power  of  the  battery  is  2 kwatts). 

The  analogous  battery  for  the  "apollo"  has  been  developed.  This 
battery  produces  enerqy  for  the  on  board  systems  of  the  spacecraft  and 
at  the  same  time  aives  as  a by-product  drinkinq  water  for  the  astronauts. 

Oespite  the  substantially  hiqher  specific  eneroy  capacity  of  the 
fuel  elements,  their  application  is  restricted  by  devices  with  service 
time  of  about  a few  hundred  hours.  For  lonqer  operation,  nuclear  or 
solar  systems  are  more  advantageous. 

The  qreat  necessity  of  self-contained  electrical  eneroy  sources 
has  arisen  in  connection  with  the  orooram  of  surface  and  underwater 
naviaation,  development  of  oceanooraphic  work,  automation  of  the 
Meteorolooical  Seivice,  realization  of  lonq  space  fliqhts  and  the 
creation  of  portable  apparatuses  for  various  uses.  These  sources  must 
have  lonqer  operatino  times  with  specific  eneroy  capacity  tens  and 
hundreds  of  times  hioher  than  the  existino  sources.  In  a few  cases, 
such  sources  can  be  created  on  the  oasis  of  utilization  of  the  decay 
enerqy  of  radioactive  isotooes.  Radioactive  isotopes  are  accumulated 
in  laroe  quantity  in  the  waste  solutions  of  the  nuclear  industry  and 
heat  producir?  elements  of  nuclear  electrical  stations  and  can  also 
be  outained  by  neutron  irradiation  in  nuclear  reactors. 

In  the  last  few  years,  several  scientific  research  institutes 
and  technoloa ical  companies  in  Enaland,  France,  Japan,  Canada  and 
iiJest  Germany  have  been  involved  in  the  orocess  of  develooino  radio- 
isotope sources  of  electrical  eneroy.  Such  oreat  interest  in  this 
utilization  of  nuclear  enerav  can  be  explained  , first  of  all,  by 
the  substantial  advantaqes  of  radioisotope  thermoelectric  Generators 
over  other  self-contained  electrical  eneroy  sources:  hioh  eneroy 

capacity  (thousands  of  watt  hr/ko),  Iona  service  life  (uo  to  ID  years 
and  more),  and  sufficiently  hioh  reliability. 


The  experience  of  development  end  operation  of  the  radioisotope  j 

generators  in  different  regions  of  the  earth  and  also  the  growing  \ 

possibilities  of  radioactive  isotope  production  allows  the  hope  that 
radioisotope  energetics  will  be  more  widely  used.  ■ 

In  this  book  the  authors  have  souaht  to  describe  briefly  the 
main  problems  that  arise  during  the  development  and  operation  of  radio- 
isotope thermoelectric  generators  <nd  to  answer  many  ouestions  received 
from  the  builders  and  consumers  of  self-contained  sources  of  thermal 
and  electrical  energy  with  long  service  life  and  high  energy  capacity.  j 


General  Information  on  Radioisotope  Fuels 
.Radioisotope  Fuels. 


Radioactive  isotopes  have  the  property  of  spontaneous  decay.  ! 

The  following  tyoes  of  decay  are  usually  distinguished:  .^-decay,  i 

.1  -decay,  electron  capture,  spontaneous  fission.  ; 

* 

The  decay  results  in  continuous  decrease  in  the  atomic  number 
of  the  initial  radioactive  isotope.  If  N s number  of  nuclei  of  the 
isotope  at  time_t,  then  the  number  of  decayino  nuclei  oer  unit  time 
is  orooortional  to  N.  Let  us  call  the  proportionality  factor,  deter- 
mined oy  the  orobability  of  decay  oer  unit  time,  (this  value  is 

usually  called  the  decay  constant).  The  law  of  radioactive  decay  i 

can  be  written  in  the  form  , 


(2.1) 


where  dl\l  * number  of  nuclei  decayino  in  the  time  interval  dt  from 
time  t to  t + dt.  lie  designate  IV,-  the  number  of  atomic  nuclei  at 
time  t * 0;  from  expression  (2.1)  we  derive  the  basic  eguation 


I 


,V,  - .V.  v "• 


(2.2) 


From  the  given  eouation  one  can  see  that  the  decay  constant 
characterizes  the  rate  of  radioactive  decay,  or  the  rate  of  "burning" 
of  the  radio! sotooe  fuel. 

It  is  convenient  to  characterize  the  rate  of  the  radioactive 
decay  process  by  the  time  during  which  the  number  of  nuclei  decreases 
by  half,  Ty^.  This  value  is  usually  called  the  half-life  of  the 
radioisotope.  Tne  decay  constant  4 is  related  with  the  half-life 
according  to 

2 ==■  -ln2_  __  o,r,9  i 

1 ~ T~-  (2.2*) 
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The  value  of  the  half-life  is  constant  for  a oiven  radioactive 
lsotooe  and  is  practically  indeoendent  of  external  conditions  such  as 
temoerature  and  oressure,  and  also  maonetic  and  electrical  fields, 
chemical  comoosition  of  the  material,  etc.  The  values  of  the  half- 
lives  may  vary  from  fractions  of  a second  to  millions  of  years. 

The  value  characte"i7inq  the  number  of  radioactive  decays  per  unit 
time  is  called  the  activity  of  the  r dioactive  orenaration  (C  = N/^). 

The  activity  is  measured  in  curies:  1 curie  * the  activity  of  a ore- 

oaration  havinq  3.7*10'°  decays  oer  second. 

Aloha-radioactive  isotopes  are  usually  assiciated  with  the  heavy 
elements.  In  the  orocess  of  their  decay,  ot  -oarticles  (helium  nuclei) 
are  formed,  with  eneroies  in  the  ranoe  of  5-9  Mev.  (1  Mev  = 1.6-lQ",3i  * 

1.6  10'u  eros.)  The  most  imoortant  nrooerty  of  -radioactive  isotooes 
is  the  laroe  amount  of  eneroy  relea  ed  in  a sinole  act  of  decay.  In 
some  d -emitters  which  are  the  originators  of  radioactive  transformation 
chains  (Ac21*7,  Th22y',  U-Z3't),  the  total  enemy  released  in  one  decay 
event  of  the  mother  isotooe  is  35-<*0  Mev,  comnarable  to  the  eneroy  of 
fission  of  heavy  nuclei.  It  is  also  important  that  **  -oarticles  have 
very  short  oath3  (a  ranae  of  millimeters)  in  the  material  of  the  DreDaration 
and  that  deceleration  of  the  -particle  in  matter  results  in  Dractically 
no  brakinq  radiation. 

Durinq  /3  -transformations,  tooetner  with  /’’-oarticles,  neutrinos 
V are  usually  emitted.  Thus,  the  enemy  of  the  decay  Is  distributed 
between  /$  -oarticles,  neutrinos  and  nuclear  recoils.  In  some  cases 
p -decay  can  be  accompanied  dv  y -radiation. 

Durinq  electron  capture,  there  arises  character: Stic  X-ravs, 
electrcmannetic  radiation  ,ith  enemies  in  tens  of  kiloelectron  volts. 

Durina  fission  of  heavy  nuclei,  neutrons  and  nuclear  f moments  are 
formed. 

In  the  oeneral  case,  the  total  enerov  of  decay  E see  (?,3) 

is  made  un  of  the  enemy  of  the  o(  -oarticles  and  the  recoil  nucleus 
(first  term),  the  enerov  of  the  \ -nuanta  (third  term),  and  the  eneroy 
of  the  /b  -oarticles  (second  term).  uJnen  there  is  snontaneous  dec.-.y, 
it  is  necessary  to  include  the  eneroy  of  the  fission  decay  n-mucts 
(fourth  term): 


E(Mev/decav) = ; 1 


.1  V£,n,  - 


^ E . n-  -V/j  v /i,  ■ E 
7 ' ' T * 


(2.3) 


Here  n,_  , nA  , n,  a the  numbe  of  -,  /-ns’tir.les  and  f -nuarta, 

respectively,  in  a decay  act:  m,v  /m,„  ratio  of  masses  of  the 
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alpha-particle  and  recoil  nucleus;  E^  * enerqy  of  the  / -particles  of 
the  qiven  qroup;  h'\  3 eneray  of  the  ^-quanta  of  the  oiven  orouo; 

Ej,  s mean  enerqy  of  the  ^-particles  of  the  oiven  qroup.  The  sum- 
mation is  carried  out  with  respect  to  all  oroups  of  -,  j -particles 
and  ^ -quanta. 

The  majority  of  radioactive  isotopes  may  be  ootained  from  the 
wastes  of  atomic  industry  (fission  oroducts)  or  by  means  of  irradiation 
in  nuclear  reactors  (reactor  isotopes). 

At  the  present  time  more  than  10u0  radioactive  isotopes  are  known; 
however,  only  a few  of  them  may  be  used  as  fuel. 

The  enerqy  of  - and  ^ -particles  is  practically  completely 
absorbed  with  the  material  of  tne  radioactive  fuel;  4 -radiation 
is  absorbed  only  oartiqily. 

Beta-radiation  has  a continuous  eneray  spectrum;  the  enerqy  of 
n -particles  lies  within  the  limits  from  zero  to  some  limitina  value, 

, characteristic  for  tne  oiven  isotooe.  Beta-particles  have 
relatively  short  paths  (several  millimeters  in  all);  however,  their 
absorotion  in  matter  is  accompanied  by  the  apoearance  of  oraking 
radiation,  the  spectrum  of  which  is  continuous  ana  extends  from  zero 
to  some  maximum  electron  eneray.  __The  mean  enerqy  of  the  beta  spectrum 
E,;  occurs  in  the  range  0.25Et E ..  O.SE^*,. 

After  radioactive  decay  the  nucleus  of  the  daunhter  isotope  is 
often  in  an  excited  state.  The  jump  of  the  nucleus  from  this  3tate 
to  a lower  energy  level  and  to  the  normal  state  is  accomoanied  by 
radiation  of  -ouanta.  Gamma-radiation  of  .he  radioactive  isosooe 
can  oe  comprised  of  quanta  of  the  same  eneroy  or  of  a orouo  of  ouanta 
with  discreet  eneroy  values.  Gamma  radiation  has  njph  penetration 
abilities  which  may  be  described  by  a linear  absorotion  coefficient  . 

Fundamental  neauirements  of  Radioisotope  Fuels 

Ulhen  making  g radioisctooe  heat  source,  one  nives  oreference 
to  those  chemical  forms  and  physical  states  of  tne  radioactive  prepar- 
ation which  correspond  to  the  minimum  radiotoxicity  with  minimum  (for 
the  oiven  isotope)  specific  heat  evolution.  The  radioactive  preparation 
should  be  solid,  non-friaole,  Dracticaily  insoluble  in  sea  and  fresh 
water,  nansuolimating  and  non-re0ctive  with  air,  water  and  tne  material 
of  the  amoouie.  The  oreoaration  should  have  nioh  radiation  and  thermal 
stability  ensurino  minimal  leakage  of  the  isotope  durino  unforseen 
accidents  damaoino  tne  radioisotope  neat  source.  The  lower  limit  of 
its  meitinq  and  boilino  points  are  reculated  by  the  "Sanitation  Reo- 
ulatian3"  (see  Aooenriix)  and  are  enual  to  SOO*  and  150U  C respectively 
(far  Generators  with  low  temperature  tnermoelectric  convertors). 

As  renards  tne  radiation  characteristics,  the  preparation  should 
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contain  a minimum  amount  of  impurities  of  radioactive  isotopes  with 
hard  ^ -radiation  and  neutron  radiation.  The  material  of  the  chem- 
ical compound  or  of  the  carriers  should  be  made  from  elements  with 
low  Z w»tan  makina  fuels  based  on  j~>  -active  isotopes,  ana  with  high 
2 when  makina  fuels  based  on  .A  -active  isotopes.  The  latter  reouire- 
ments  necessitate  the  reduction  of  output  of  orakinq  raaiation  in 
^-preparations  and  of  neutron  radiation  in  s -preparations. 

Heaardinq  the  thermal  characteristics,  the  oreparation  should 
possess  sufficiently  hiqh  thermal  conduction  and  not  contain  a larae 
quantity  of  imoure  radioactive  isotooes  with  a half-life  differino 
stronqly  from  T,^  of  the  basic  isotooe.  Lou  thermal  conduction  of 
the  preparation  leads  to  a substantial  drop  in  the  internal  temperature 
of  the  oreoaration  and  the  oossi  ility  of  disturbance  of  its  thermal 
stability.  The  presence  of  a sionificant  Quantity  of  short-lived 
isotope  leads  to  a substantial  drop  in  the  initial  capacity,  and 
tne  presence  of  lono-lived  isotooe  - to  a decrease  in  specific  cauacity. 

i 

When  u3ina  fuels  characterized  oy  low  specific  capacity  P ,,,  the 
si2e  of  the  aenerator  is  excessively  increased,  its  efficiency  is 
lowered,!  and  its  weiaht  increased.  An  acceptable  value  is  R,,l4>  0 . 1 
watt/cm  . Tne  half-life  should  be  laroe  or  at  least  equal  to  the 
service  :life  of  the  aenerator.  UJith  short  half-life  and  sionificant 
service  life,  it  Decomej  imoassible  to  reoulate  heat  flow  to  tne 
thermal  convertor.  As  a rule,  the  half-life  of  the  radi oisptone  should 
not  be  less  tnan  100  days  or  lonaer  than  several  hundred  years.  Iso- 
topes with  half-lives  areater  than  ICO  years  have  fairly  low  specific 
characteristics  (P-.rdt -*,0. 1 watt/cm  ’).  .he  possibility  of  obtainina 
the  fuel!  in  sufficient  auantity  at  relatively  low  cost  is  also  important. 

i 

' Basic  Types  of  Fuel 

Fission  products.  Amona  tne  fission  products,  the  most  suitable 
for  radipisotooe  tnermoelectric  Generators  with  lonp  service  life 
(1-30  years),  one  mav  include  Sr*1  — _ > -radiation  of  mean  eneroy  of 
the  ’-■-soect.rum  £ ^ i-1.2  Yev.  When  it  is  possible  to  use  local  oro- 
tection  (water  environment,  natural  cover)  and  not  impose  rigid  weiaht 
and  size  restrictions,  Cs'!  may  be  used.  Present  in  its  decay  chain 
are  ^'-Quanta  of  enerav  E^  = 0.n6U  Mev;  mean  eneroy  of  l-soectrum 
is  E s = 0.25  Mev. 

t or , oenerators  with  shorter  service  life,  Ce  and  Pm  mav 
be  used.  In  the  decay  chain  of  Ce1'’''  a series  of  and  j 

transitions  are  ooserved  (mean  enerav  of  decay  1 • Mev).  The 

presence  in  tne  soectrum  of  ‘.he  dauahter  product  Pr  " line  • 2.2 

Mev,  necessitates  the  use  of  heavy  shieldino;  however,  in  view  of  the 
hinh  eneroy  outout,  one  mav  concentrate  a significant  oart  of  the 
orotection  in  tne  center  of  the  installation  and  thereby  decrease  its 
weight.  Pm'  compared  to  Ce'"  has  relatively  low  me  m -dec  -iv 
energy  (E;  - G.06?  Mev)  leadinc  to  a nreut 1 unreduced  value  of  soeciiicT''' 
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/ 

energy  output.  At  tne  same  time,  beinq  a pure  ^-emitter.  Pm  v7has 
* a comparatively  low  output  of  (braklno)  ^-radiation,  permitting  the 
use  of  shielding  of  relatively  small  thickness. 


The  Dasic  specific  characteristics  of  the  fission  products  are 
given  in  Table  2. 
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Table  2 


a) 

isotope 

e> 

watt/cm 

b) 

soecific  activity 

f) 

curie/watt 

(curie/o) 

p) 

half-life 

c) 

specific  power  output 

h) 

years 

(capacity ) 

i) 

days 

d) 

watt/p 

Strontium-9u  — - a metal,  navinp  nion  radic.  toxicity,  may  be  used 
in  the  form  of  compounds  which  are  inhert,  stable  and  have  acceptable 
Physical  properties  (hinh  neat  conduction,  hioh  meltino  temperature ) . 
In  Table  3 are  aiven  tne  most  acceutaole  forms  of  tne  fuel  and  tneir 
characteristics  (the  metal  is  aiven  for  comparison). 


The  yield  of  Sr  u as  a fission  orod  ict  is  ^5.8%:  at  the  time  of 
separation  of  Sr1'  , the  preparation  also  contains  Sr  ■ • (yield 
T./l  = 54  days),  and  stable  SrM  . 

Ceslum-137  — alkali  metal,  readily  forms  cnemical  compounds,  tne 
majority  of  which  dissolve  jell  in  water.  However,  there  is  a series 
of  compounds  not  havino  these  undesir.-jDle  Dualities.  The  vieid  of  Ss 
as  a fission  product  is  6.2*;  separated  with  it  is  Cs'1'  (T,^  2.1  vr). 
Some  cnaracteristics  of  various  cesium  c impounds  are  oiven  fn  Table  4. 
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Table  4 


a)  chemical  compound 

b)  metal  (pure) 

c)  specific  capacity,  watt/o 

d)  meltinq  temperature,  °C 

e)  density , a/cm  3 
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hey:  a)  chemical  comoound  (fuel) 

h)  metal  (pure) 

c)  cesium  oolyoiass  (boros i 1 icate  olass  with  Cs  content 
or  43  weioht  %) 

d)  soecific  caoacity,  watt/o 

e)  meltina  temoerature,  C 

f ) density , c/cm  1 

/ 

nhn ~~  ^re-earth  metal,  chemically  hichlv  active  ovro- 

yield  of  !e3"  redUCin°  3DEnt  h3Vin°  hard  -1  -radiation . the 

yield  of  ^e  3S  fission  product  is  eoual  to  an-TOximattel v fi-  rho 

characteristics  several  cm-  coTOounas  »;!w. 
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Table  5 
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Key:  a)  chemical  comoound 

b)  m. tal  (nure) 

c)  specific  capacity,  watt/a 

d)  meltina  temperature,  'C 

a)  density,  o/cm^ 


fo.gmethlum-l<.7 . — a rare-earth  element,  /->  -emitter.  Its  yield  as 
fission  product  is  2.7%.  Table  6 c.ives  its  characteristics. 


Table  6 


T .i  f>  .i  ii  a .i  6 


a) 

y.lr:i.u.lH 

wj  Hl.lU.liHIb, 

1 rMilr  > i iy|»;» 

it 

U.MIII-H  ||», 
.*  « * 

A 

*9.Ml'T:U.l  (•IIICTUfl) 

i'.m: 

l.l 

PiiijO, 

Ua.Si 

1 IK) 

0.0 

PmF 

I 

11,20 

I (ibil 

... 

hey:  a)  chemical  comoound 

b)  metal  (pure) 

c)  soecific  capacity,  uatt/o 

d)  meltina  temperature,  C 

e)  density,  c/cm’ 


heactor  isotopes.  Amona  tns  iarne  number  of  isotones  obtained 
by  means  of  direct  irradiation  of  stable  isotooes  in  a nuclear  reactor 
the  most  interestinq  are  Co'  (for  oenerators  u.ith  service  life  up  to 
5 years),  Tm  * and  Ir  ’ (for  oenerators  ^ith  service  life  to  three 
or  four  months). 


The  basic  characteristics  of  these  isotooes  uithout  carrier  are 
oiven  in  Table  7. 
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Table  7 
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Key:  a)  isotope 

b)  specific  activity 
(curie/q) 

c)  specific  power  cutout 
(capacity) 

d)  watt/o 


e)  uatt/cm 

f)  curie/uatt 

g)  half-life 

h)  years 

i)  days 


The  specific  eneray  outout  achieved  in  Dractice  is  several  times 
less  than  the  theoretically  possible  value  oiven  in  the  table. 

Cobalt-60  — metal,  obtained  by  irradiation  of  Co'1  1 in  a reactor 
<Co^  ♦ n — - Co ^ 7 + / ).  Its  activation  section  is  3L)  barns.  Co  ‘-L 
oives  hard  Jf-radiation  (1.17,  1.33  Mev),  mean  specific  capacity 
is  1.6  uatt/a  (100  curies/q),  density  is  equal  to  8.7  a/cm  ’ corres- 
pondina  to  a volumetric  specific  capacity  of  1A  uatt/cm  ’ . 

(9  Thulium-170  — a rare-earth  element,  obtained  by  irradiation  of 
Tm'  in  a reactor;  activation  section  is  epual  to  approximately 
130  barns;  meltino  temperature  1600UC. 

Alpha-radioactive  isotopes.  Uihen  obtalnina  < -radioactive 
isotopes  irradiated  in  a nuclear  reactor,  the  taraets  underno  sub- 
sequent chemical  treatment. 

Obtaining  -radioactive  isoton- s in  sufficient  auantity  presents 
a rather  difficult  problem.  Therefore,  when  choosino  one  or  ancfher 
of  the  ^-active  isotooes  for  fuel,  it  is  necessary  to  thorouahly 
analyze  the  possibility  and  economic  expediency  of  its  production  in 
the  necessary  Quantity. 

• 0 i j ' 'f  2 

Sufficient  quantities  of  Po“  " , Pu"  , and  Cm"  can  be  obtained 
by  irradiation  of  the  startina  materials  in  a reactor. 

The  specific  characteristics  of  these  isotooes  are  oiven  in 
Table  8. 


Table  8 
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Kay:  a)  isotope 

o)  specific  activity 
(curie/o) 

c)  specific  pouter  output 
(caoacity ) 

d)  uatt/g 


e)  wett/cm 

f)  curie/uiatt 
a)  half-life 

h)  years 

i)  days 


» r (1 

Polonium-210  — obtained  by  irradiation  of  Si4'  in  a reactor. 
It  is  a weak  -emitter  (10**  /j'-auanta  per  decay).  In  Table  9 
is  qiven  the  characteristics  of  Poland  its  compounds. 


Table  9 
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Key:  a)  chemical  comoound 

b)  metal  (oure) 

c)  specivic  capacity,  watt/q 

d)  meltina  temperature,  C 

e)  density . a/cm  4 


Curlum-2A2  — metal,  obt'-ined  from  Am  recovered  from  fission 
products  and  then  irradiated  in  a reactor  (activation  section  of  A m J 
is  approximately  750  uarns).  The  half-life  of  is  0.AA7  year. 

The  characteristics  of  Cm  and  several  of  its  comoounds  are  aiven 
in  Table  10. 
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Table  10 
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Key:  a)  chemical  compound 

b)  metal  (pure) 

c)  specific  capacity,  uiatt/o 

d)  meltinp  temperature,  ’’  C 

e)  density,  o /cm1 


Curium-2A<»  may  also  be  uspd  as  fuel.  Its  half-life  T,/,  « 18 
years,  specific  capacity  is  ?.fl  uiatt/p.  Cm2l,y  is  obtained  by  ir- 
radiation of  Amzy?.  It  is  a weak  f-emitter.  It  is  at  oresent  ob- 
tainable in  limited  quantity. 

Flu  ton 1 urn-? 38  — a metal,  obtained  by  irradiation  of  No'  . Its 
characteristics  are  oiven  in  Table  11. 
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Key:  a)  chemical  compound 

b)  metal  (pure) 

c)  specific  capacity,  watt/o 

d)  meltino  temoeratur  , u C 

e)  density,  a/cm  4 


Actinium-227  (T /,  ^ 22  yr;  % tt  = 15  uiatt/o)  is  obtained  by  irradiation 
of  Ra*1^  in  a reactor.  In  its  de;;  y products  are  ^ -emittinq  isotopes. 

It  is  oossible  to  use  it  in  the  form  of  Ar  0^  or  AcF . 
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Thorlum-228  (T  /L  ^>1.9  yr.,  Py,(  » 170  uatt/q)  may  be  obtained  by 
irradiating  Rallfc;  it  is  also  a dauohter  product  in  the  decay  of  U**' 
and  Ac11*. 

Uranium-232  (T-4dfc7A  yr,  5 watt/q)  may  ne  obtained  by 

irradiatina  Th  ^ ( ionium)  or  Pa-'><  . In  its  decay  chain  exist  iso- 
tooes  which  are  j -emitters  with  hard  radiation  (Tlzuf). 


Estimation  of  General  Resources  of  Radioactive  fuels 

Accordinq  to  the  estimates  wvailable  at  the  present  time,  by  the 
year  2000  there  will  be  accumulated  approximately  5UG  billion  curies  of 
radioactive  wastes  which  may  be  used  for  obtaining  various  fuels 

based  on  Sr‘,c  , Cs'*’,  Ce  Pm  1,7  and  mixtures  of  fission  products, 
lsotoues  uotained  by  irradiation  in  a reactor  (such  as  Pu'1'-'  , Po  ' ,e. 
Cm''11  , C«i*v)  may  Derhaps  also  be  used.  In  Table  12  are  presented 
the  data  of  the  AEC  of  the  USA  concernino  the  increase  of  production 
of  eiaht  of  the  above  mentioned  isotopes.  In  the  upper  line  is  shown 
the  annual  production  for  each  of  the  isotopes  (by  year)  in  millions  of 
curies,  and  in  the  lower  — - the  corresoondi nq  thermal  capacity  in 
kilowatts. 


.Atomic  datteries 

Development  nf  rHilia1snton«  sourcps  of  electrical  pnerov  was  be- 
nun  in  the  Ulj's.  The  original  sources  had  milli  (micro)  watt  caracitv 
and  used  various  forms  nf  interaction  nf  radiation  ',iith  matter. 

Tr jnsf ormat i on  nf  the  °ner"v  nf  radioactive  dprav  nf  the  mentinnpri 
sources  is  not  related  to  a heat  cycle.  Such  sources  are  usually 
called  atomic  batteries. 

amorj  the  atomic  batteries  known  at  the  present  time  are  nrlmarv, 
with  direct  collection  of  / - or  -nartloies  emitted  rlurlna  radio- 
active decay  (batteriDs  wit.*1  direct  charoe  rnliection);  secondary, 
where  neoativo  or  nositive  charnes  are  nathered  which  arise  as  a re- 
sult nf  Interaction  nf  primary  radiatinn  with  matter  (batteries  with 
o-n  conversion,  rnnt.  -t.  nnt,jntlel  differ1  nee,  wi*h  sernndary  l»l,,rtrun 
emlssiun);  and  tertiary,  when  electrical  pnernv  is  notained  as  a 
result  of  a double  transformation  (photoelectric  batteries). 

Such  sources  are  beinq  developed  and  at  the  present  time  they 
are  used  for  suonlv  nf  the  nrid  '•iirrp”t.  nf  various  kinds  of  radio- 
technical  instruments,  for  rhnrnin-  dosimeters,  for  automatic  charninp 
of  clocks,  and  for  othr.r  use':,  i.p.  in  fhnar>  chsps  whe-e  hinh  para- 
mo tor  stability  with  low  nnwor  consumption  is  rpnui  rnfi. 
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a)  isotooe 
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c)  millions  nf  curies 

d)  kilowatts 
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d)  oroduction  ve;ir 
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Batteries  with  Direct  Champ  Collection 


IF  one  takes  two  slates  and  on  one  them  (the  emitter)  desosi tea 
radioactive  material,  the  radiated  narticles,  as  thev  accumulate  on 
the  olate  oooosite  (the  collector),  charoe  it  accordion  to  the  einn 
nf  the  charned  narticles. 

In  the  case  of  a -emitter,  the  "late  is  charned  ne'-ativelv: 

In  the  case  nf  an  -emitter  — positively.  Beta-emitters  are  most 
Frequently  used. 

Calculations  show  that  For  '-sources,  the  soecific  caDacitv, 
an  the  averaae,  i~  several  microwatts  cere  millicurie.  wince  the 
activity  of  the  source  does  not  exceed  several  curies,  the  outout 
caoacity  is  only  several  milliwatts.  The  outout  voitaae  of  such 
sources  is  dependent  on  the  enerav  of  the  '-Darticles  as  well  as 
on  the  resistance  of  the  insulation  oetw  en  the  emitter  and  collector. 

The  first  battery  with  direct  collection  of  cnarne  was  made  by 
Mosley  in  1j13.  Usino  20  microcuries  jF  radium,  he  obtained  a current, 
of  ID'"  amos  under  a voltaoe  of  150, LIIL,  volts. 


-IS* 


/ 


At  the  present  time  in  some  countries,  industrial  moaels  of  nuclear 
batteries  are  manufactured;  various  models  of  the  battery  based  on  Sr 
are  marketed,  aatterv  0-50  (USA)  contains  a Sr  'w  source  pf  10  micro- 
curies  activity  and  polystyrene  insulator  of  ^ 0.8mm  thickness.  The 
battery  is  olaced  in  a lead  container.  The  volume  of  the 


aooroximately  18.5  cm  \ voltaae 
A* 10  amp. 


battery  is 


70uQ  v,  current  (short  circuit) 


The  actual  oara  eters  achieved  by  a battery  with  direct  charoe 
collection  lie  within  the  limits:  voltaae  1-100  kv;  current  10"'- 

10'*  amp.  i 


Batteries  Based  on  Semiconductor  Junctions 

Batteries  based  on  semiconauctor  junctions  consist  of  a radiation 
source  ( ->  - or  j -emitter)  and  a semiconductor  with  a o-n  junction. 

It  is  oossible  to  use  a <+ -emitter,  since  ^-quanta,  in  the  process 
of  interacting  with  matter,  knock  out  electrons  from  tne  crystal 
lattice  of  the  semiconductor,  forming  numerous  pairs  of  charoe  carriers 
— electrons  (-)  and  hole3  (+).  Thus,  a kind  of  amplification  of  the 
oiimary  charoe  of  the  -particles  occurs,  reachina  v dues  on  the 
order  of  10  or  the  transformation  of  eneray  of  the  /-quanta  into 
enerov  of  the  electron-hole  pair.  Such  sources  mav  have  relatively 
low  voltaae,  but  hiaher  current  than  in  atomic  catteries  with  direct 
charoe  collection.  The  caoacity  of  such  Datterieo  is  limited  by  the 
radiation  stability  of  the  semiconductor  junction. 

i 

Therefore,  as  an  emitter,  it  is  adv.intaceous  to  selecjt  a soft 
radiation  source  (for  examole  Pm''7).  Experimental  models;  have  a 
capacity  of  1 microwatt,  voltaae  — =i  fraction  of  a volt,  Efficiency 

-«✓  1*.  j 

t 

Batteries  Based  on  Contact  Potential  Difference  | 


In  every  metal,  there  are  so-called  free  electrons  (electron 
gas),  the  concentration  of  wnich  is  approximately  1L!  oer  cm  . In 
order  that  the  electrons  can  escape  the  metal,  a necessary  definite 
enerov,  called  the  work  function  P,4<.  < exists.  ThB  difference  in 

the  work  functions  ror  a aiven  ocir  of  metals  is  called  the  contact 
□otential  difference  (this  value  is  different  for  various  metals). 

If  between  two  unlike  metals  (electrodes)  there  is  ionized  nas,  then 
(under  the  action  of  the  contact  potential  difference),  when  the 
circuit  connect'nq  tne  electrodes  is  closed,  current  beoins  to  flow, 
in  such  set  uos  may  oe  used  either  self-ioniz i no  radioactive  oas, 
for  example  hr4'  or  T,  or  a aas  ionized  by  a special  source.  5ince 
one  ' -particle  may  form  lJLi  ion  pairs,  the  current  of  such  a 
battery  is  aonroximatsi y 100  times  hianer  than  in  a battery  with 
direct  cnarae  collection.  The  e.m.f.  is  eaual  to  tne  difference  of 
the  work  functl  ns  of  the  electrodes  ( aonroximatel y several  volts). 
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The  strenoth  of  the  current  depends  on  tne  ion  concentration  which, 
in  turn,  is  dependent  on  the  activity  of  the  emitter,  the  enemy  of 
the  4 -particles,  the  nature  of  the  ionized  aas,  etc. 

Photoelectric  batteries 


In  recent  years  a lame  number  of  materials  have  been  discovered 
which  luminesce  intensively  under  the  action  of  ionizino  radiation. 

It  is  also  known  that  under  the  action  of  lioht  radiation  on  the  so- 
called  ohotoelements,  electric  current  is  formed.  A combination  of 
radioisotopic  phosphorus  and  a Dhotoelement  allows  one  to  make  a 
photoelectric  battery. 

For  obtainino  a conversion  of  lioht  enerov  into  electrical  enemy 
for  a photoelectric  oattery,  a spectrum  of  the  luminoDhor  is  selected 
in  the  range  of  maximum  spectral  sensitivity  of  tne  ohotoelements. 

The  actual  capacity  of  such  ar  installation  is  on  the  order  of  ten3 
of  microwatts,  efficiency  1-2*,  voltaoe,  several  volts. 

Batteries  with  Secondary  Electron  Emission 

If  a stream  of,  for  example , P -particles  is  sent  toward  an 
electrode  having  a sufficient  coefficient  of  secondary  emission, 
then  a stream  of  secondary  charoed  oarticles  is  'armed,  nv  usina 
this  effect,  one  may  make  small-sized  sources  of  electrical  enemy. 
Batteries  with  direct  charae  collection  may  be  used  to  create  accel- 
eratino  voltaoes  in  subsenuent  cascades.  The  e.m.f.  of  sinole  cascade 
batteries  is  approximately  eoual  to  tne  enernv  of  the  secondary  electrons. 


Radioisotope  Electrooenerators 
Turooalectric  Generators 


Althouah  radioisotooe  turooeiectric  nererators  have  not  as  yet 
found  oractic.-il  an  plication,  they  are  of  interest  fur  makinc  nenerators 
with  capacities  areat.er  tnan  1 watt. 

The  principal  seneme  of  radioisotooe  turooeiectric  nenerators 
is  presented  in  Fic.  1.  Tne  oenerator  consists  of  a radioisotooe 
thermal  ulock  1, where  tne  ooeratino  medium  is  heated:  a system  2 
to  transfer  this  medium  to  trie  turbine  3;  refrioerator  U;  and  electro- 
aenerator  (dynamo)  5.  As  ooeratino  medium,  a licuid  metal  (Rankin 
cycle)  or  aas  (Bravton  cycle)  may  De  used. 


Fio.  1.  Basic  scheme  of  radioisotope  turdoelectric  oenerator 


f The  operatina  reliaaiiity  of  tne  turdine,  Generator,  and  mjmp 

plays  a rale  of  na  small  imoartance.  However,  ev/an  when  acniewinp 
a relatively  Ipna  service  life,  their  reliaoility,  oecause  of  the 
presence  of  retary  elementr,  will  always  de  less  than  the  reliadilitv 
of  a thermoelectric  .ystem.  In  view  of  the  hioher  effi  iency  of  turdo- 
electric oenerators  in  comparison  to  thermoelectric  oenerators  (at 
hiqh  capacity),  turdoe'electric  oenerators  may  in  the  Iona  run  de 
used,  esoeciallv  in  -hase  cases  where  doth  electrical  ano  mechanica-l 
eneruy  are  renuired.  Calculations  show  that  the  General  efficiency 
is  — 154. 

| Thermoemissi ve  Genbrators 

I There  are  two  most  usual  forms  of  thermoemissi ve  convertors  (TEC): 

| vacuum  and  ol.-sma  diode.  3s  a source  of  thermal  enemy,  an  isotone 

f with  a laroe  specific  enernv  output  is  usually  used  (Cm’  ■ , ao’,£  , etc.) 

j in  order  to  achieve  hinh  temoerature . ing  scheme  rf  the  oen  rator  is 

l presented  in  Finure  2.  The  heated  cathode  emitts  electrons  which  cro  s 

the  narrow  interelectrooe  nan  and  strike  tne  relatively  cold  anode. 

If  the  cathode  and  anode,  hjvinc  di  t ‘‘era*  t vork  functions,  are  competed 

!.  across  tne  load,  tnen,  because  of  t^e  ootonti.l  niffe;  urce  which  devclones, 

an  electric  current.  iill  flow  throuch  it.  i th  respect  to  the  external 
circuit,  the  catn.de  will  de  tne  positive  terminal  of  the  rnermnemi ss i ve 
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□enerator  and  the  anode,  tne  neoaLlve  one.  The  thermal  eneray,  arrivinq 
on  the  catnode,  is  spend  in  surmountinq  the  work  function  of  the 
electrons  from  the  metal.  In  addition,  there  are  eneroy  losses  due 
to  radiation,  convection,  and  heat  conduction.  The  sneroy  lost  by 
the  cathode  is  in  oeneral  received  by  the  anode.  To  protect  the  anode 
from  overheatino,  it  is  necessary  to  cool  it. 


Fia.  2.  dasic  scheme  of  radioisotone  thermoemis3i ve  oenerator 

Hey:  a)  radiaisotooe  thermal  block 

b)  cathode 

c)  anode 

d)  refriaerator 

e)  load 


The  most  serious  difficulty  in  mgkino  a TFC  i3  the  develoDment 
of  a space  charoe  in  the  anade-cathoae  aao,  leadina  to  restricted 
current.  In  order  to  reduce  tne  volumetric  soace  charoe,  the  ooal 
i s to  make  the  smallest  possible  oao  oetujeen  the  cathode  and  anode 
(d  -v-  2<]0','cm  in  a vacuum  diode)  or  to  use  a cair  of  materials  with 
low  inni/ation  ootentiai  (°.o.  caesium)  In  a nlasma  diode. 

The  basic  oarameters  of  thermoemissi ve  nereratnrs  are  the  efficiency 
and  the  specific  camcitv  obtained  tnrouoh  the  convertor  (uatt/cm1). 

In  the  case  of  a nas-filxed  diode  this  value  is  a function'  of  the 
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cathode  (emitter)  temperature  Tc  , the  anode  (collector)  temperature 
Tr_  , vaoor  pressure  p,  the  size  of  the  interelectrode  gao  d,  and  the 
work  functions  of  the  anode  and  cathode. 

txoeriment  has  shown  that  the  soecific  caoacity  for  thermoemissi ve 
generators  is  equal  to  approximately  5-10  watts/cm - , and  an  efficiency 
for  a caoacity  of  10  watts  is  aooroximateiy  10*  (calculated  efficiency 
~ 30%). 

It  must  Oe  noted  that  the  creation  of  the rmoemi solve  aenerators 
entails  serious  technical  difficulties  comoined  with  the  selection 
of  materials  staple  in  relation  to  hiqh  temoerature  (TL-  *■  2UuO  M, 

T (V  15Ul)  K). 

Thermoelectric  Generators 


In  the  thermoelectric  method  of  ronversion,  the  thermal  eneroy 
evolved  in  the  radioisatone  block  oasses  through  a thermoconvertor 
to  the  refrioerator  (Fia.  3).  It  is  known  that  because  of  the  develop- 
ment of  a ten.oerature  drop  alono  the  thermoelements,  there  is  a movement 
of  positive  charoes  (holes)  toward  the  cold  junction  in  the  p-nranch 
and  of  nenative  cnaroes  (electrons)  in  the  n-Drancn  ,10-12'  . As 
a result,  a potential  difference  is  created,  orooortional  t?  the 
temoerature  aradient.and  oart  of  tne  heat  flow  is  transformed  into 
-lectrical  enerov. 

In  tne  neneral  case,  thermoelectric  Generators  are  heat  sources 
on  whose  surface  ar°  installed  tnermoconvertor  Fiement3  and  structural 
connectors.  Tne  remaininc  surface  is  surrounded  bv  insulation  . The 
elements  of  tne  convertor  are  connected  witn  tne  structural  as3emoly 
of  the  Generator,  wnici  dissipates  neat  to  tne  surroundings.  The 
outout  voltane  in  such  sources  is  proportional  to  the  temoerature  droo 
and  the  numoer  of  consecutively  connected  oairs  of  thermoelements. 

For  tne  oetter  semiconductor  materials,  t'’e  tnermal  a.m.f.  l L is 
consideraoly  nioner  than  for  metals,  and  is  eoual  to  1 mi llivoit/den. 

Thermoelectric  materials  of  tne  o-  and  n-oranenes  are  characterized 
oy  tnree  viiues:  tnermaeiactromoii  ve  force  , soecific  eJL-crtrical 

conductivity  ~i  , and  neat  cunductivitv  >i  . 

Tne  oasic  factor  determinino  the  efficiercv  of  the  convertor 
^jteriji  is  its  uality  factor  z.  For  tne  case  of  a thermocouple 
consistino  of  a nusitive  o-  and  relative  n-nranen,  at  oatinal  matcnino 
sections  ^1U 


z 


(»n-  >r)= 
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In  accordance  with  the  oeneral  theory  of  thermoelectric  convertors 
£_11,  12J  tne  efficiency  of  the  thermoelement  is  j 


A 


|/'  1 -r  ~ i (7"rop  T * 

"y/ 1 + ~ * t ^Vof  + f k*i)  + ~ 


where  T-,-,  and  are  the  temoaratures  of  the  hot  and  cold  junctions, 

respectively.  The  first  factor  determines  the  efficiency  of  the  ideal 
heat  engine  (Carnot  cycle),  and  the  second,  the  actual  thermoelectric 
efficiency  character izino  the  reduction  of  the  efficiency  of  the  Carnot 
cycle  throuah  irreversiole  losses. 

Tnermacanvertors  from  semiconductor  materials  of  constant  composition 
with  temperature  difference  in  its  junctions  of  IT;  300\fhave,  on 
tne  averaae,  an  efficiency  of  ao.,roximately  3-8%.  Considerably  hioher 
efficiency  may  oe  obtained  if  the  optimal  value  of  2 at  the  alven 
temoeraturs  is  achieved  alono  the  or  nches  of  the  thermoelements. 

The  theoretically  possible  efficiency  in  tne  reoion  from  250  to 
1300  n is  v 30%. 

t 

In  accordance  with  tne  temoerature  deoendence  of  z,  all  thermo- 
electric materials  ar8  usually  divided  into  low  temperature  (operating 
in  the  interval  from  20U-6GQ  K),  medium  temperature  (bOO-lOOD  K), 
and  niah  temperature  (1000-1200  H>.  Cow  temperature  tnermoelements 
(for  example,  based  on  tne  triple  junction  3i-Te-Se)  have  hiah  service 
life  (nreater  than  30,000  nrs)  and  stability  cnaracteri 3tics.  Their 
efficiency  in  tne  temperature  interval  250  -6UU  h is  approximately 
equal  to  6%.  Medium  temperature  elements  oased  on  Pb-Te  nave  some 
worse  characteristics : efficiency^ U-5%,  service  life  about  1 yr. 

High  temperature  convertors  based  on  Si-Ge  have  a 3.<i  efficiencv  fend  a 
service  life  oreater  than  1 year. 

flt  the  present  time  the  terhnnlocy  has  Been  developed  to  ootain 
tne  necessary  nuantitv  of  tnermo*-' lectric  materials  and  to  maxe  models 
of  cascade  oatteries  operation  in  me  temperature  ranae  from  250  - 
1300  K.  Tne  selection  of  one  material  or  another  (temperature  ranoe) 
and  makino  a specific  structure  of  a thermoelectric  convertor  deoends  on 
the  ooeratino  conditions  of  tne  radinisotooe  thermoelectric  neoerator, 
the  parameters  of  the  neat  source,  and  the  necessary  period  of  service. 


BEST  AVAILABLE  COPY 


Exlstinq  experience  of  development  and  operation  of  radioisotope 
thermoelectric  Generators  with  caoacities  from  one  to  several  hundred 
watts  has  shown  that  the  most  (oractieally)  acceotable  conversion 
method  at  the  present  time  is  the  thermoelectric  one,  which  comoines 
reliaoility,  accectaole  efficiency,  and  Iona  service  life.  Tne 
accumulated  service  time  of  thermoelectric  convertors  is  calculated 
at  tens  of  thousands  of  hours.  This  condition  is  very  imoortant  in 
the  maiority  of  cases,  since  the  Greatest  advantaoes  of  radioisotope 
sources  of  electrical  anernv  become  aooarsnt  in  their  use  in  self- 
contained,  Iona  actino  assemblies. 


Radioisotope  Thermal  Jlocks 


Isotope  Selection 

The  choice  of  isotooe  is  to  a laroe  extent  determined  by  the  intended 
use  of  the  oenerator.  For  ooeration  in  soace,  it  is  most  expedient 
to  use  *£  -emitters  havino  hiah  eneroy  output  and  not  reauirino  heavy 
shteldino.  Amona  them  the  first  are  Po’ a , PuiV',  Cm“'T?  and  C* 

For  around  and  underwater  aouli cat  ions,  r - and  ^-emitters  such  as 
Sr  **•  , Cs’*'  , Ce  , Pm"’,  Co1'  and  others  are  widely  used. 

The  enerav  autout  of  the  ’ -emitters  is  lower  than  that  of  4 - 
emitters,  but  the  former  are  readily  available  and  ch- aoor. 

The  enerav  characteristics  of  radioactive  isotooes  may  be  calculated 
from  the  followino  exoressions. 

The  specific  activity  C,  r of  tne  Dure  radioactive  isotooe  is 
found  ay  the  ratio 


r 1 ••»>*>•  ut» 

i\iA  (curie/o) 


where  T , * half-life  (in  days);  fl  * atomic  wetoht. 

If  the  isotooe  is  used  in  a chemically  combined  state,  then 

C *»  — ^ (curie/o) 

f,  ,A1 


where  K = number  of  atoms  of  tne  radioactive  isotooe  in  a molecule  of 
the  compound;  M = molecular  weiaht  of  the  chemical  compound. 
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The  specific  heating  capacity  of  the  radioactive  isotope  is 
calculated  according  to  the  formula 

P,p  (watt/g)  « 7.5' 1U 4 

where  E,o.±  * total  enerav  of  the  act  of  decay,  takina  into  account 
radiation  leakaae,  Mew. 

The  specific  heatina  capacity  P.„  may  be  determined  from  a known 
value  of  U by  the  relationship: 

Pp  (watt/g)  * 5.93*lQ'fl  C(curie/o)  E.^tMev) 


The  volumetric  heat  outout  of  the  pure  radioactive  isotope  is 
equal  to 

R y (watt/cm  ) = P y 
where  ^ * density  of  isotope,  p/cm'' 

For  chemical  compounds 

R -.  w * P pf  ^ (watt/cm  4) 

The  activity  oer  unit  of  heating  canacitv  C may  be  calculated 
accord! no  to  the  formula: 


C = 


1 


| = F",.  * 5.93«ltPE~. 


— (curie/watt) 

L -ft 


Structure  of  Ampoule 

The  reauirements  of  the  amoqule  (Fio.  A)  in  which  the  radio- 
act’ve  oreoaratian  i3  to  de  nlaced  are  usually  determined  by  the 
necessity  that  the  inteoritv  and  savetv  of  the  amooule  be  insured 
over  a period  of  ten  half-lives  of  the  basic  isotooe  and  also  under 
conditions  of  damaae  during  ooeration  and  sn'oDino.  uJhen  usind  radio- 
isotone blocks  in  aenerators  for  space  uses,  damaoe  may  also  arise 
durinq  launch  and  re-entrv. 

Tne  amooule  material  and  sealina  techniques  should  oravide  hiah 
corrosion  resistance  in  relation  to  the  surroundina  air  and  around 
water  and  to  sea  water.  The  ampule  material  should  be  compatible 
with  the  radioactive  oreoarstion  and  it"  decay  products  and  also 
with  those  structural  elements  with  which  it  is  in  direct  contact. 

In  accordance  with  the  "Sinitation  Reoulati on3"  (see  Aooenrtix) 
the  structure  and  manuf actur i no  techrolooy  of  low  temperature 

units  should  insure  its  inteoritv  and  tiontness  with  a hiqh  marain 
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of  safety  (by  a factor  of  10)  in  rela'ion  to  impact  0 3000  o over 
a oeriod  of  Q.5//sec)  and  oscillation  (20-60  Hr  with  acceleration 
10  o in  a period  of  6 hr9)*  load,  internal  and  external  Dressure. 


Fio,  U.  Rruioisatape  blocks  based  on  Sr  ’ . 


The  amooule  material  should  be  staple  to  heat  (to  llflO^C)  and 
radiation  (loss  of  strength  durino  the  time  of  operation  should  not 
exceed  10%  of  the  oriainal).  Radiation  staOility  should  be  insured 
both  in  relation  to  orimary  radiation  (■*,•',  , / , n)  and  to  secondary 
(brakina  and  neutron)  radiation  comino  from  the  radioactive  Dreoaration 
or  from  the  walls  of  the  ampoule. 

Radiation  contamination  should  be  minimal  (^  l//curie  foTy-  - 
and  5\10'7/ curie  for  .v  -radioactive  isotopes)  from  all  surfaces  if 
the  block.  The  radiation  outout  of  the  radioisotooe  block  is  re- 
stricted to  3UQ  rad/f r at  a distance  of  1 m.  If  the  do^e  rate  from 
the  radioisotope  block  exceeds  the  aiven  value,  this  block  should  be 
placed  in  orotective  shieldinn  which  satisfies  all  the  requirements 
with  respect  to  shieldino  of  the  radioisotope  clock. 

Determination  of  Thermal  Output 


L-alculation  of  the  thermal  outout  in  the  isotooe  block  involves 
calculation  of  that  oortion  of  the  enerav  released  durino  radioactive 
decay  which  is  absorbed  by  the  preparation  itself  and  by  the  amooule 
walls.  Since  the  oaths  of  <-l-oarticles  and  fission  franments  in 
the  radioisotope  fuel  consists  of  fractions  of  a millimeter,  all  the 
kinetic  enerav  is  absorbed  within  the  fuel  itself  and  in  the  walls 
of  the  isotooe  block;  i.e.  the  enerav  ansoroed  witnin  th  radioisotooe 
block  is  eaual  to  the  toto-1  enerav  released,  ard  the  soecific  thermal 
output  may  be  taken,  with  sufficient  accuracy,  as  constant  with  respect 
to  volume. 


* Within  the  parentheses  are  shown  the  values  specified  in  the 
"Sanitation  Renulations". 


An  analoQaus  statement  may  also  be  made  In  relation  to  the  therr^l 
* output  from  4 -particles,  the  energy  of  which  is  almost  fully  absorbed 
within  the  fuel  material  and  ampoule  walls.  Estimation  of  energy  losses 
with  brakinq  radiation  shows  that  this  effect  can  be  disrecarded,  since 
it  does  not  exceed  1%. 

The  most  difficult  oroblem  is  the  calculation  of  the  thermal 
output  through  absorption  of  j -radiation  which  has  rather  signifi- 
cant penetratino  ability.  For  more  complete  collection  of  eneroy, 
radioisotope  blocks  based  on  -emitters  are  usually  enclosed  in  a 
casino  material  with  oood  absorption  properties  (wolfram,  depleted 
uranium).  The  combination  of  the  radioisotope  block  with  the  pro- 
tective (absorbing)  casino  is  called  the  thermal  block. 
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hey:  a)  casing  material 

b)  uranium 

c)  wolfram 

d)  lead 


b)  density,  o/cm  ' 
f)  absorber  thickness  (cm) 

Droyidino  an  attenuation  factor 
h x 1UU  and  h = 50  for  various 
eneroies  of  radiation 
d)  Mev 


In  Table  13  are  aiven  the  calculated  values  of  casino  thickness 
of  the  thermal  block  from  various  materials  (uranium,  wolfram,  lead) 
providino  absorotior  of  99%  (h  = 100)  and  98%  (h  = 50)  of  the  orioinal 
eneroy  released  in  the  form  of  1-radiation.  Here  K = attenuation 
factor,  i.e.  the  value  determining  bv  how  many  times  the  radiation 
is  reduced  in  the  presence  of  absorbers. 


■I 
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Calorimetry  is  a direct  metn  d wh'ch  allows  direct  measurement 
of  the  thermal  outout  in  tne  radioisotope  block.  By  this  method  it 
is  possible  to  calculate  the  activity  of  the  clock  for  a niven  content 
of  inoredients  0y  usino  known  values  of  trie  enemy  of  one  decay  act. 
and  measurlna  tne  tnermal  output  . 

The  deslnn  of  calorimeters  for  measurement  of  tnermal  outout  in 
a clock  for  • *.  - and  fur  -emitters  mav  be  essentially  the  same, 
since  the  oenatratino  aoiiity  of  tneir  r dietion  is  nut  hioh  (Fio.  5). 
Calorimeters  for  measurina  trie  thermal  outout  of  radioisotone  blocks 
based  on  y -emitters  are  usually  marie  with  thick  walls  for  nearly  com- 
olete  aosorption  of  tne  . -ran : at ; on,  since  calculation  of  tne  unansorDed 
□art  of  the  radiation  is  difficult,  especially  for  complex  Geometry 
and  nBteronenei ty  of  the  absorb! ne  material. 


Flo.  b wolor imetrv  set  up 


Thermoelectric  Ccnver tors 
na9iC  ge  j i r sms nts 

In  order  to  insure  reiiaiue  .mo  efficient  operation  of  the  con- 
vertor, tne  trerma^lement  ,nouid  m et  tne  foilo.iinn  basic  reou i ruments : 
1.  Hiah  duality  factor  i - , i.e.  hie*1  electrical  conduc- 

tivitv  ~ and  tharmo-e.m.f . coefficient  for  toe  lowest  possible 
tnermol  conductivity  . 

?.  Sufficiently  n i on  m-cnm i cal  strenrth,  stability  toward  tnermal 
snuc*  , ard  radiation  and  cnumicai  interactions. 

i.  Tne  possioi  li  ty  of  usin.  simple  manuf  nc*  ur  i on  ‘.ecnnolorv  for* 
tne  nrsnefirs  and  its  coon  line  to  the  slock  by  switchinn  wnicr,  is  reliable 
for  the  ■-  i v n temperature  level  a^d  nan  minimal  D.C.  resistance  and  also 
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best  available  copy 


metallurgical  and  chemical  comoatability  with  the  material  of  the 
thermoelements. 


Since  the  temperature  behavior  of  c«-  , *1  , }C  depends  essentially 
on  the  material  chosen,  the  maximum  value  of  z for  various  materials 
lies  within  various  temoerature  ranaes.  Fig.  6 shows  the  temperature 
dependence  of  tne  Quality  factor  z for  several  semiconducting  materials 
of  the  o-  and  n-types. 


Fia.  6.  Temoerature  dependence  of  ouality  factor  of  some  thermo- 
electric materials  o(0  — positive  branch;  n(-)  — 
neaative  branch 

Key:  a)  deo”' 


The  level  of  aoeratina  temperature  influences  not  only  the  choice 
of  thermoelectric  material,  but  also  tne  design  of  the  oenerator,  which, 
in  turn,  is  also  determined  by  its  intended  use. 

Low  Temperature  Convertors- 

In  the  temoerature  interval  (200  -600^K)  the  following  materials 
are  most  efficient  and  techn  loaically  feasible  to  manufacture: 


B,  Te„  SI>  'Fc,.  Ili-.-Su  , S»>Zr..  BiS--,  - Bi.Te  , 
/ Bu  i f-  - Sh.Te  • 


/ 


Solid  solutions  of  Bi-Ti,-  Sb  Te, 
(n-type)  have  been  found/most  oractic_l 


(□-tyoe)  and  Bi^ 
for  manufacture 


Te  oi  Be  ^ 
of^  thermoelements. 


\ 


It  is  apparent  that  low  temperature  limits  are  determined  Dy 
the  possibility  of  heat  dissipation  from  the  cold  junction.  Tne 
operating  temperature  T/y.^  of  the  thermopile  is  not  hioh,  essentially 
lowerina  the  neoative  influences  of  such  factors  as  oxidation,  diffusion, 
valorization  of  the  alloying  and  basic  materials. 

Experience  of  application  in  domestic  radioisotooe  thermoelectric 
aenerators  of  convertors  based  on  ternerv  alloys  of  3i-Te  in  the  tem- 
perature interval  from  200  -600'K  has  shown  that  they  nave  a lonq 
service  life  (no  less  than  3-5  years),  stable  characteristics  durino 
that  time,  and  an  efficiency  where  T,uT  - TCi  fJ  c 250'  uo  to  6%. 

When  the  temperature  interval  is  raised,  the  efficiency  is  sliohtly 
increased  (to->-7*).  Low  ODeratina  temperatures  of  such  convertors 
make  it  easier  to  creat  directed  neat  flow,  i.e.  allows  one  to  make 
generators  with  small  heat  losses  (10-20%)  with  acceptable  dimensions 
of  heat  insulation,  leadino  to  lower  weioht  and  size  characteristics. 

The  temoerature  dependence  of  the  Darameters  >,  , and  li-  for 

ternery  alloys  oased  on  3i-Te  are  oiven  in  Fio.  7.  Table  1<*  qives 
the  parametric  values,  averaoed  with  resoect  to  temoerature,  in  the 
interval  from  2U  to  27U'C. 


Fiq.  7.  Temoerature  dependence  of  c . , 'T  , and  for  Bi  Te  - 
5b_.Te?  (o-branch)  and  Bi  Te  ^ - BT  Se  ^ (n-branch  j.  4 

Hey:  a)  micrnvolttdenr' 

b)  watt  cm ‘ ' den  ’ ' 

c)  deo~' 
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Table  14 


T a 6.1  Hit  a M 


180  MKU 


feput)  *) 


40  o.u 


•.Ml  '0 


1.0 . I0-*  arl(cM-cpad) 


<0 


Key:  a)  microvolt/oea 

b)  ohm'  ‘ cm" ' 

c)  uatt/(cm'dea) 


Medium  Temperature  Convertors 

In  the  temperature  interval  from  600  -1000 *K  the  basic  thermo- 
electric materials  are  currently  PD-Te,  Ge-Te,  Pb-ue,  Aa-3bTe i and 
solid  solutions  based  on  them.  Elements  manufactured  on  a Pb-Te  basis 
have  found  practical  application  in  thermoelectric  Generators.  However, 
alloys  of  Pb-Te  are  subject  to  elastic  deformation,  especially  at  hioh 
temoeratures , and  have  insufficient  mechanical  strenqth.  Its  service 
life  is  less  tnan  that  of  the  low  temoerature  convertors.  If  sublimation 
properties  are  not  decisive  in  tne  selection  Df  low  temperature  materials, 
then  riurina  transition  ta  medium  temperature  materials  this  nuestion 
will  become  hiqhly  significant.  Therefore,  in  the  majority  of  instances, 
thermoelements  nf  these  materials  must  be  specially  coated.  The 
efficiency  of  medium  temoerature  materials  based  on  Po-Te  in  the  stated, 
hioher  temoerature  interval  is  — 4-5%;  service  life  — on  the  order 
of  a year.  In  Fin.  8 the  basic  characteristics  of  medium  temperature 
thermoelectric  materials  are  shown. 

H l dh  Temperature  Convertors 

The  aoeratina  condition  of  hioh  temperature  elements  (T  13DH  K ) 

is  incomparably  more  difficult  than  that  of  medium  and  low  temperatures. 
Questions  of  sublimation,  oxidation  and  diffusion  here  olav  a hiohly 
important  role.  Problems  of  structural  mountino  of  the  thermopile  , 
commutators  and  electrical  insulation  are  sinnif icantly  complicated. 

The  efficiency  of  the  convertor  (from  calculations  at  IDu^l)  of  the 
hiqh  temoerature  materials  currently  known  is  approximately  1.5  times 
less  than  the  efficiency  of  medium  temoerature  convertors  and  two  times 
less  than  that  of  low  temperature  ones.  Of  tne  hioh  temoerature 
materials  which  have  been  investiaated  up  to  the  oresent  time,  silicon- 
oermanium  (Si-Ge)  alloys  are  most  widely  used.  They  hive  sufficiently 
hiqh  mechanical  properties.  The  most  efficient  tamper  -tore  reniin  lies 
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in  the  interval  900  -130o',H  (~3%  efficiency);  in  the  interval  600  -130QJK, 
the  efficiency  reaches  5-6X.  Fiq.  9 oives  the  basic  characteristics 
of  hioh  temoerature  materials. 


Fia.  fl.  Temoerature  deoendence  of  , it  , ,yt. 
for  Ge-Te  (p-oranch)  and  Hb-Te 
(n-branch). 

Key:  a)  microvolt  deo  1 

b)  watt  cm'*  deo  * ' 

c)  deo  * ' 


X\ 

! 


Fia.  9.  Temoerature  deoendence  of 
based  on  Si-Ge. 


'r  t >c.  for  n-  ard  o-nranches 


hey:  a)  microvolt  dea *' 

b)  uatt  cm~  1 deo  * 1 

c)  dea" 1 - 


* 


Calculation  gf  Parameters  nf 
Radioisotope  Thermoelectric  Gen e r a t o r s 


Selection  of  Heat  Circuit 

From  the  standooirt  of  the  neat  circuit,  the  radioisotope  thermo- 
electric Generator  is  a system  uith  an  internal  source  of  thermal  out- 
out  and  a tnermal  field  in  which  is  determined  the  basic  orocesses  of 
neat  transfer  throuah  heat  conduction  or  radiation  witnin  the  system, 
and  convective  (radiant)  or  contact  neat  excnanoe  with  the  surroundi nos . 

The  fundamental  nrodlem  in  the  selection  of  a neat  circuit  is 
to  provide  maximum  heat  flow  to  the  thermoconvertor  and  the  creation  in 
it  of  a temoerature  difference  corresoundi na  to  the  ootimal  temoerature 
ranoe.  In  this,  soecial  consideration  is  oiven  to  makino  equal  heat 
flow  tnrouah  the  elements  of  tne  thermoelectric  convertor  and  to  de- 
creasinu  ‘he  resistance  alone  its  route. 

Oevelooment  of  tne  heat  circuit  consists  of  analysis  of  tne 
distribution  of  the  heat  flows  and  temoerature  fields  irside  tne 
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aenarator  stemmino  from  the  ODeration  of  the  convertor,  conditions  of 
hao-  exchanoe  with  the  surroundinos,  thermophysical  Drooerties  of  the 
materials.  Geometry  and  relative  onsitions  of  the  oenerator  elements  , 
its  caoacity  and  intended  use. 

Radioactive  isotooes  may  Oe  divided  accordino  to  oower  density 
into  isotooes  with  lower  cower  density  (less  than  1 watt/cm7  ) (in 
this  qrouo  are  Cs,\'  Sr  ,k) , those  with  medium  density  (1-1Q  watt/cm  * ) 
(Ce'W  , r*uV^»  Co41),  and  hiah  density  (creater  than  IQ  watr.s/cm5) 

(Cm‘vy  , Po 

Isotooes  with  low  and  medium  oower  density  ere  advantaneou9ly 
used  in  generators  witn  heat  circuits  oased  on  low  a^d  medium  temoeratuie 
thermoelectric  convertors,  since  for  considerable  increase  in  temoeratuie 
it  is  necessary  to  sicnif icantly  increase  the  thickness  of  the  heat 
insulation,  leadinq  to  worseninn  of  the  weiqht  jnd  size  indices  of 
the  oenerator. 

The  selection  of  the  neat  circuit  of  the  Generator  is  also  deoendent 
on  the  radiation  characteristics  of  the  fuel  and  allowable  radiation 
level  durinq  assemoly  and  ODeration  of  the  oenerator.  For  isotooes 
with  intense  /-  and  neutron  radiation,  considerable  binlonical  orotection 
is  reauired  to  reduce  the  radiation  intensity  to  an  admissible  level. 

The  distribution  of  tne  oiolaric  :1  snieidinn  (which  constitutes  the 
Greater  qart  of  the  aenerator's  weiaht)  in  relation  to  the  radioisotooe 
block  nas  a determininq  influence  on  the  heat  circuit  of  the  r-.nerator 
and  its  overall  weiaht  and  size  cnara  teristics.  Cf  the  ooeratinn 
factors,  the  oreatest  influence  on  tne  oenerator 'a  heat  circuit  is 
3hown  oy  tne  value  of  dynamic  loads  which  arise  durinc  shioqino,  assemoly 
and  ooeration  of  tne  oenerator,  and  also  the  conditions  of  heat  exchanoe 
with  the  surroundinos. 

Under  significant  dynamic  load  ana  limited  sunoortina  power  of 
the  thermoelectric  convertor,  structural  connections  are  envisaoed 
in  tne  oenerator  in  order  to  sustain  tne  mechanics!  load  and  insure 
the  inteority  of  the  thermoelements.  The  structural  connections  are 
sources  of  neat  loss;  these  lasses  may  considerable  exceed  or  he  com- 
mensurate with  lasses  tnra  oh  tne  tnermai  insulation.  Therefore,  one 
of  the  cundamental  construction  oroclems  is  the  maximal  shnrtenino 
of  these  connections.  Tne  oest  metnod  is  the  direct  fasterina  of  tne 
radiaisataoe  olack  to  tne  thermoconvertor.  From  the  standpoint  of 
the  heat  excnanoe  with  the  surroundinos,  there  are  two  variations  of 
tne  heat  circuit:  with  contact  and  with  convective  (radiant)  heat 

exchanoe.  In  tne  first  case  the  oroolem  amounts  to  maxino  oood  heat 
contact  oetween  tne  oenerator  and  tne  surroundinns  (the  surroundina 
around,  water);  in  the  second  it  is  necessary  to  moke  an  extended 
surface  of  tne  heat  exhaust  (to  the  air,  to  snace). 
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Heat  Calculations 


Correct  calculation  of  the  heat  circuit  of  the  thermoelectric 
Generator  is  quite  a camolex  oronlem,  since  it  is  Dracticallv  imoossinle 
to  consider  all  the  factors:  specific  Geometrical  units,  structural 

connections,  temperature  crv.naes,  heat  conduction,  actual  values  of 
thermal  contact  resistances,  and  a wnole  series  of  other  factors  in- 
fluencino  the  selection  of  the  limitino  conditions  (_1 3 , 14~J. 

The  aim  of  the  tnermophysical  calculations  is  the  determination 
of  tne  temperature  field  and  aistridution  of  heat  flows  within  the 
elements  and  units  of  the  oenerator. 

In  the  aeneral  case  tne  heat  transfer  processes  are  represented 
as  differential  eauations  of  heat  conduction  which  estaolish  the 
connection  oetween  time  and  soatial  chanoes  in  temperature: 


\ <>  / 

/ i,f  • 4.  f ) r{  } 

it.'  t'z  . <:z 

- Q — co  — 

at 

where  ^ * coefficient  of  tnermal  conduction  , t * temperature , 
p * density,  c = soscific  heat  capacity,  T * time,  Q = density 
of  heat  sources. 

In  the  nureral  case  the  y lues  of  \ , .1  , c and  C are  functions 

of  tne  coordinates,  time,  and  temperature.  D irino  em-ineerino  esti- 
mations this  enuation  csn  be  cansideraoly  simolified.  For  examole, 
if  the  thermal  conduction  coefficient  is  taken  as  constant,  then 
the  oene: al  eauation  thermal  conduction  tjkes  the  following  form 


<■>-/  d't  0-1  dt 

dx2  ' ay2  t):2  i.  >.  dt 


For  fixed  conditions,  i.e.,  when  t.  is  a function  of  the  coordinates 
only  ar d does  not  deoend  on  time 


d't  . <Pt 

dy3  dz3 


-0. 


Finally,  for 
in  the  absence  of 


tne  fixed  problem,  the  calculation  of  tne  units 
sources  and  flows  of  heat 


o-t  dU_ 

dx-  dy1 


oz* 
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In  essence,  tharmophysical  calculations  amount  to  solution  of 
one  of  the  differential  eouations  niven  above.  The  basic  difficulty, 
as  discussed  above,  is  the  sufficiently  correct  determination  of  the 
limitino  and  initial  conditions.  In  this  Drocess  one  rotains  temperature 
fields,  the  knowledae  of  which  allows  one  to  find  the  distrioution  of 
heat  flows  within  tne  seoarate  elements  of  tne  nenerator  desion  and 
the  value  of  tine  thermal  efficiency  of  the  uene'ator  as  a whole. 


The  heat  circuit  of  the  Generator  may  also  oe  presented  in  the 
form  of  a dual  circuit  (Fin.  1U ) . 


Fio.  10.  Dual  circuit  of  -adiDisorooe  tnermoelecti'ic  nenerator. 

I 

hey:  i a)  radio! srtooe  block 
0)  tnermal  block 
i c)  T „ct 
d)  T,..„ 

■ e)  Q 


The  symoais  Q*,  = comolete  neat  DutDut  of  tne  radioisotope  block; 
Q., , a heat  flaw  arrivina  at  the  convertor;  Ur..r  = heat  lasses;  Ht,  Rt, 
R j a tr.ermal  resistances  of  heat  insulation,  tnermoniie,  ana 
structural  elements,  resnect ive 1 v . Calculation  is  carried  out  under 
the  oiven  assumptions.  It  is  assumed  tnat  the  temperature  on  tne 
surface  nf  the  thermal  olock  and  housino  is  constant.  In  accordance 
with  the  dual  circuit,  tne  thermal  efficiency  of  the  radioisntnoe 
thermoelectric  nenerator  may  Oe  determined  from  tne  followinc  ratios 


Qr  6 
Qcu 


Qr  « 


Qj  a + Om 


Q,r 


Qt.  r,  ft:  (ft.  + ft.O 


ft|ftj 
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from  which 


A\f\ 

+ RiR.  : RiR:  * 


Calculation  of  Thermoelectric  Convertor 


On  tne  Dasia  of  tne  adaoted  values  of  T,x-f  and  T .^accordino  to 
the  kno^n  properties  of  the  chosen  thermoelectric  materials  and  oiven 
electrical  outout  oarameters,  the  calculation  of  the  thermoconvertor 
is  carried  out.  As  a Oasis  far  tne  calculation,  one  may  use  the 
method  of  "averaoB  parameters"  orooosed  by  A.F.  Ioffe  • ID,  11  . 

The  efficiency  of  the  convertor  is  determined  accordino'to  the'  formula 
niwen  on  p.26.  The  heat  flow  Q i to  the  convertor,  necessary  for 
aiitaininq  the  oiven  electrical  capacity  Q.  t is  determined  dv  the 
equation 


Qr  a — 


Proceedina  from  tne  riven  outnut  voitaoe  U,  tne  e.m.f.  E is 
determined 


where 




M | I • ;/,  /■= 


The  necessary  numoer  of  thermoelement  oairs  n is  found 
by  the  formula 


n -■ 


t: 

I ■ 7,  | i T ’ 


where  i T = T ^ - T :>,j  , the  temnerature  difference  of  tne  hot  and 
cold  iunctions.” 

when  ootfiinina  a fracticn.il  value,  tne  nUmOer  rf  thermoelement 
oairs  should  oe  rounded  off,  then  me  vcitaca  J fed  into  the  extern.il 
circuit  is  recalculated  accordion  to  tne  formula 
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u 


f 


+ 3„)*TAI 
M + 1 


The  value  of  tne  current  flowinn  in  the  thermooile  — load 
circuit  ia  oiven  by 


The  optimal  resistance  of  the  load  R i 
formula 


is  calculated  by  the 


R 


The  internal  resistance  r,,*  of  th"  convertor,  nnt  countinq  the 
resistance  of  the  commutators,  is  determined  by  the  condition  of 
maximum  efficiency:  R^  a r M,  from  which  r,„.  * R//M. 

The  ratio  of  tne  lenoth  of  tne  thermoelement  1 to  its  cross 
section  S is  determined  from  the  relationship 


i.  _ r J ir 

b " 2n 

where  'rf  * 'T,  ; S « S,,  s Srt  , 1 i 1^  * l/t. 

Rroceedino  from  the  structural  value  of  the  thermoelement  cross- 
section  S,  we  can  find  the  value  of  1 and  conversely.  Sometimes  one 
nas  to  chance  the  value  of  the  outnut  voltaoe  because  of  the  impossibility 
of  makina  structurally  reliable  elements  corresoondina  to  the  crass 
sections  and  lenoths. 

Extreme  conditions  of  onera’ion  of  thermoelectric  convertors  are 
short  circuit  conditions  (R,--*0)  and  no  load  (Rt  - Calculation 

shows  that  in  a short  circuit  condition  the  temne  ature  of  the  hot 
junction  is  decreased  (for  low  temoerature  elements  bv  1U%),  and 
in  no  load  condition,  is  increased  (by  ^ 2C%) . A rise  in  temoerature 
of  the  hot  junction  in  some  cases  may  lead  to  breakdown  of  the 
convertor  and  also  lower  oatterv  reliability.  Under  any  circumstances 
the  no  load  condition  is  not  desirable. 


\ 


Description  of  Radioisotope  Generator  Oeslons 


Design  Features  of  Generators 

Up  to  the  present  time  in  the  Soviet  Union  and  adraad,  radio- 
isotope thermoelectric  oenerators  of  various  desians  have  been  develooed 
which  depend  on  the  intended  operating  conditions  and  the  radioactive 
isotopes  used. 

The  main  design  differences  nf  the  oenerators  -ire  in  the  connection 
of  the  thermal  or  radioisotooe  black,  the  design  of  the  thermoelement 
alack,  the  thermal  decoupling  on  tne  route  of  the  main  heat  flow  from 
the  thermal  Dlock  toward  the  thermoelements  and  from  the  thermoelements 
toward  the  heat  exhaust  system,  the  types  of  thermal  insulation,  etc. 

Usually  in  foreion  radioisotope  tnermoelectric  oenerators,  the 
thermoelectric  convertor  is  desinned  as  a number  of  seoarate  thermo- 
elements placed  on  the  surface  of  the  tnermal  oiock.  The  tolerances 
and  thermal  expansions  are  comoensated  for  by  spring-controlled  heat 
oassaae  along  the  cold  side.  One  of  tne  advantaoes  of  this  scneme 
is  the  possibility  of  ootainina  more  evenly  distributed  temperature 
alono  the  surface  of  the  thermal  block.  The  assembling  of  the  seoarate 
thermoelements,  however,  is  highly  comolicatep,  and  in  emergencies 
their  replacement  is  difficult.  Moreover,  the  thermoelements  alono 
tne  side  of  the  cold  unctions  have  to  Oe  hermetically  sealed.  Since 
tne  number  of  thermoelements  in  some  desions  reacnes  the  hundreds  of 
aieces,  the  presence  of  a nreat  number  of  seals  substantially  lowers 
tne  reliability  of  the  whole  aenerator. 

From  the  point  of  assembly  and  operation,  the  block  orouDino 
of  thermoelements  placed  on  one  or  several  surfaces  of  the  thermal 
(radioisotooe)  Oiock  is  the  more  expedient.  rhis  scheme  has  insinnif- 
icantly  lower  thermal  efficiency  (because  of  the  existance  of  a 
temperature  drao  alana  tne  heinht  of  the  thermal  block)  compared 
with  the  previous  one,  and  it  has  recently  become  increasinnlv 
applied  in  foreian  and  domestic  desions  of  radinisotooe  thermoelectric 
oenerators . 


Descr i ut^i on  of  Domestic  Generator  Designs 

In  the  "Beta-l"  Generator,  the  radioactive  isotooe  Ce  was  used 
as  fuel.  In  order  to  maintain  constant  nenerator  power  over  the 
period  of  a year,  a thermal  reauiation  system  is  provided.  Constant 
heat  flow  to  tne  tnermooile  is  obtained  through  reauiation  of  the 
heat  exhaust  bv  radiation,  unich  is  carried  out  with  the  aid  of  mov.  -die 
Shielding  insulatior. 
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Fia.  11.  Scheme  of  radioisotope  oenerator 
"Beta-1"  Based  on  CeN‘'  . 


The  design  of  the  "Beta-1"  oenerator  (Fiq.  11)  consists  of  the 
follawinq  elements:  l — end  shield;  2 — reaulatino  mechanism;  _3  — 

lead  oluo;  — biolonical  snieldina;  5 — heat  exhaust  system;  6 — 
couolino  stud;  7 — rid  flanoe;  8 — thermal  insulation;  9 — isotODe 
block;  1JQ  — thermal  alack;  ^1  — thermoelement  black;  12  — electric-1 
terminal;  1_3  — base;  1U  — coooer  olua. 

Under  operatina  conditions,  the  thermal  block  has  contact  with 
the  thermoelement  block  under  the  action  of  its  own  weinht,  Durino 
shinoina,  tne  thermal  block  is  fixed  with  the  aid  of  two  lockina  luos 
which  arip  the  lateral  surface  of  tne  thermal  block  (raisino  the 
thermal  insulation).  The  thermoelement  block  is  fixed  into  a chassis 
which  allows  its  chanoe  (ov  radial  displacement  when  the  thermal  block 
is  raised).  The  thermal  insulation  is  made  in  the  form  of  hood  screens; 
tne  soaces  between  them  are  filled  with  inhert  oas. 

The  advantane^ of  this  scheme  are  the  simplicity  of  desicn,  absence 
of  structural  elements  for  fasteninq  the  thermal  block  and,  therefore, 
the  absence  of  heat  losses  throuoh  them,  and  the  partial  unloadino 
of  the  thermoelement  block  durino  shiooino. 


t 

Tha  shortcomings  of  this  scheme  are  the  aosence  of  reliable 
contact  of  the  olates  of  tne  hot  junctions  of  the  thermoelement 
block  with  the  thermal  block,  and  of  the  olates  of  the  cold  junctions 
with  the  oenerator  base,  the  necessity  of  dependable  securina  of  the 
thermal  block  durino  shipDina,  and  the  possibility  of  disolacement 
of  tha  thermal  block  re'ative  to  the  thermoelement  block  axis,  which 
could  later  result  In  substantial  increase  in  the  thermal  resistance 
between  the  thermal  block  and  the  thermoelemert  block.  If  the  size 
and  weloht  of  the  thermal  block  is  increased  the  construction  of  lockino 
elements  becomes  sionif icantly  complicated.  These  elements  are  al3o 
heat  conductors.  The  nreaT  weiant  of  such  a scheme  is  also  a disadvantaoe . 

Tests  and  ooeratina  exoeriments  of  the  oenerator  have  demonstrated 
tnat  the  "deta-1"  oenerator  had  a total  efficiency  of  about  4*  at  a 
surroundinq  temperature  of  +2Q  C. 

The  heat  exhaust  system,  in  the  form  Df  a detecnable  radiator, 
provided  heat  exhaust  in  the  conditions  of  natural  convection  of  vie 
surroundinq  air  (the  temperature  drop  between  the  radiator  and  the 
air  was  5-7fC  at  a total  heat  flaw  of  ~ 135  watts  and  coolino  surface 
of  about  8 m*  >. 

Flours  12  shows  the  desian  scheme  of  the  "Beta-2*  oenerator  (Sr1' 
as  fuel)  with  electric  power  of  5-7  watts. 

/ 

The  fastenina  of  the  thermal  block  in  the  "Beta-2"  oenerator  was 
performed  with  the  aid  of  structural  ties  and  sorino  suspension. 

Such  a scheme  has  additional  heat  losses  because  of  heat  leakaoe  tnrouoh 
the  carryina  studs.  The  desian  of  the  carrvina  studs  and  sorinas  was 
based  on  the  conditions  of  orovidino  the  necessary  strenoth  duri iq 
dynamic  loadina  and  of  the  absence  of  disturbance  of  heat  contact  of 
the  tnermal  block  with  the  thermoelement  Dlock  durinq  snioDino  as 
well  as  under  ooeratina  candit  ons.  To  decrease  the  thermal  contact 
resistance  between  the  t ermal  block  and  the  thermoelement  block, 
the  lead  oaskets  of  1 mm  thickness  were  inserted,  causino  a decrease 
in  the  temperature  difference  between  the  contactino  surfaces  to 
2-3  C,  compared  with  7-8  C in  the  aosence  of  lead  oaskets.  Ihe  nretence 
of  sorino-susoension  in  tne  "Beta-2"  oenerator  provides  the  necessarv 
connection  of  the  tnermodatterv  with  the  tnermal  Dlock,  but  does  not 
eliminate  the  mechanical  stresses  of  the  elements  of  tne  tnermoelectric 
convertor.  The  tnermal  insulation  of  the  "Beta-?"  oenerator  is  oro- 
vided  by  screens,  olaced  alono  the  ecu1 temperature  surfaces,  nrevontlno 
heat  leakaae,  esoeciallv  in  the  transition  zone  from  the  heated  tnermal 
block  to  the  cool  oanerator  end- shield. 

The  desion  of  the  "Beta-2"  oenerator  reouires  special  thorouohness 
of  assembly,  hiah  accuracy  of  manufacture  of  the  elements  of  the  sorino 
suspension,  strict  warmino-uo  seouence  of  the  thermoelement  block, 
and  maintainance  of  the  necessary  contact  of  the  tnermooile  and  the 
surface  of  the  thermal  bloc*. 
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Fla.  12.  Scheme  af  radioisatooe  Generator  "Betj-2"  oased  on  Sr 

1 — radioisotooe  olock 

2 — thermoelectric  convertor  ( thermopile) 

3 — thermal  block 

U — thermal  insulation 
b — thermal  nlonk  susoension 
S — housinn 

7 — end  shield 

8 — radiator 


Similar  to  the  "deta-2"  Generator  is  the  "Beta-S"  Generator 
which  is  shown  in  Fin.  13.  In  1S-8  domestic  industry  den  an  the 
serial  oroduction  oF  such  nenerators. 
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Fia.  13  "Seta-5"  radiaisatooe  aeneratbr  In  aoeratinq  condition 


1 

The  desion  scheme  of  the  "1-  a-2"  npneratqr  was  further  imorovert 
in  the  radioisotuoe  neneratar  "aeta-3",  the:  cro-  5-  .ection  of  which  is 
shown  in  Fin.  Ik . This  neneratcir  is  intended  for  ooeration  in  the 
conditions  of  the  Far  l\iorth  and  Antarctic. 

The  thermal  b’nck  is  fastened  bv  three  studs,  which  carrv  the 
weiqht  of  the  block  and  tne  sorin'-  stress  in  nrcler  to  provide  thermal 
contact  with  the  thermo 'lemen*  nloc*.  In  th!s  scheme  the  snrinn 
suspension  and  carrvinq  ti°s  mus“.  prcv'de  the  connection  of  the  thermal 
alack  and  the  thermoelement  pIock  (cnnsiderinn  the  f’erm  il  e*.riansion 
and  comoensatinn  for  tolerances)  onlv  in  oDeratinn  conditions, 
purinn  shioninq  of  tne  oeneratnr.  tne  thermal  nine*  is  disconnected 
from  the  tnermoelement.  olock  wi  fh  the  aid  of  a special  rod,  which 
is  simultaneously  used  as  a hejt  dissiaatnr.  in  this  case  the  t,nprmo- 
element  olock  is  completely  unloaded  f r"m  ^he  strops  ere  • tad  hv  the 
thermal  nlnnk  durinp  snimino  of  the  pene  a1  nr. 
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Fia.  14.  Scheme  of  "Seta-3"  rariioisotooe  nenerator  based  on  Sr  '*  . 

1 — radioisotope  olock 

2 — thermal  block 

3 — thermooile 
U — end-shield 

5 — housina 

6 — radiator  (heat  dissioatior  system) 


r The  shortcominos  of  this  scheme  are  the  disturbance  of  thermal 

t contact  between  the  thermoelement  block  and  the  cower  of  the  thermal 

jf  block  durina  the  oeriori  of  transition  from  the  oneratino  state  to 

c shlnolna  conditions,  and  also  the  nossibility  of  misul innment  of  the 

» thermal  block,  resultinn  in  the  tmnairment  of  contact  of  the  t.hermo- 

; element  block  in  the  ooeratinn  state,  and,  finally,  the  reduction  of 

the  Dower  outout  of  the  nenerator. 

The  distinctive  feature  of  the  "Seta-3"  Generator  is  the  protection 
bw  the  deoleted  uranium  olaced  inside  the  t.hexmal  insulation, 
allowino  the  total  weioht  of  the  device  to  be  decreased  to  2S0  kc, 
while  the  "3eta-S"  nenerator  (tooether  with  sniDDino  container)  has 
a weiaht  of  5U0  ka,  havino  oracticaliy  the  same  electrical  oower. 

The  reduction  of  the  oene  ator  weioht  oermitts  its  installation  in 
inaccessible  renions  without  SDecial  loadina  mechanisms. 
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Radioisotope  oenerators  of  the  0-1,  D-2u,  and  N-l  tyoes  have 
schemes  which  basically  differ  from  those  studied  above.  In  these 
oenerators,  riaid  fastenina  of  the  thermal  block  is  used,  and  thermal 
expansions  and  tolerances  are  compensated  for  with  the  aid  of  a heat 
oassaoe  Dlaced  either  between  the  thermal  block  and  the  thermo- 
element block  or  between  the  thermoelement  block  and  the  Generator 
housino.  In  this  case,  the  thermoelement  block  is  almost  completely 
unloaded  from  the  dynamic  action  of  the  thermal  block  wcioht,  increasino 
the  reliability  of  the  oererator  with  small  reduction  of  thermal 
eff ici ancy. 

Thus,  in  oenerators  with  Cs  '37,  0-1  (Fia.  15),  the  thermal  block 
(200  kg  weioht)  is  fastened  with  the  aid  of  three  stainless  steel  X1BH10T 
oosts  of  l*x30  mm  cross  section  and  70  mm  heinht,  welded  to  the  casino 
of  the  thermal  olock  and  to  the  support  rino.  The  heat  oassaoe  between 
the  thermoelement  block  and  the  therr.al  block  is  performed  with  the 
aid  of  copper  plates,  fixed  to  the  corresponding  covers  and  released 
by  four  cylindrical  sorinas.  Such  a scheme  of  heat  oassaoe  results 
in  increased  heat  losses  throuoh  hioh  thermal  resistance  (the  temper- 
ature drop  in  the  heat  oassaoe  is  i*u-5QrC  for  a heat  flow  density  of 
about  1 watt/cm*  ) and  increase  of  heioht  of  the  hot  zore. 

In  various  modifications  of  the  iy-1  Generator  (Fia.  16)  the 
following  versions  of  heat  oassaoe  ere  developed:  non-contactinn , 

wire-couoled,  and  hydraulic. 

The  non-contacti no  heat  oassaoe  was  made  as  a system  of  extended 
surfaces  of  tne  thermal  olock  and  cover  of  the  hot  functions  of  the 
thermoelement  block  in  such  a way  that  the  thermal  exoansions  and 
tolerances  were  compensated  far  bv  aap3  between  the  surfaces.  The 
heat  transfer,  in  tnat  case,  i3  carried  out  oenerally  by  radiant  and 
convection  heat  exchanae.  At  a heat  flow  density  from  the  thermal 
block  surface  of  about  5 watt/cm*  and  oas  clearance  (xenon)  of 
about  0.5  mm,  the  calculated  temperature  difference  of  the- thermal 
block  and  cover  of  the  thermoelement  hot  iunctions  is  5QcC.  Due  to 
sianificant  thermal  resistance,  such  a scheme  can  be  expedient  for 
oenerators  in  which  the  radioactive  isotopes  with  hioh  enerov  output 
are  used.  Because  of  the  small  size  of  the  thermal  block,  the  nreater 
□art  of  its  surface  can  be  used  to  accomodate  the  thermoelements , and 
the  increase  of  the  heat  losses  oecomes  ins i oni f icant . 


The  neat  oassaoe  (wire-couoled)  is  in  the  form  of  two  plates 
connected  with  each  other  by  a oreat  number  of  wires  soldered  to 
them.  If  tne  couolinas  with  di; meter  1.2  mm  (the  sinqle-wire  thickness 
is  U.1A  mm)  are  olaced  alono  a snuaie  with  a 3 mm  side  (at  a heioht 
of  10-12  mm),  then  tne  comoensatino  aoiiitv  of  such  a heat  passage  is 
2-3  mm.  The  temoerature  droo  is  iu'0  at  a neat  flow  densitv  of 
2.5  watt/cm2-  . 


Ha.  15.  Scheme  of  0-1  radioisotope  oenerator  based  on  Cs 

1 shielding  thermal  Insulation 

2 — thermolnsulated  insert 

3 — heat  oassaae 

J — thermal  block  susoension  (mountina  suooorts) 
j — valve 

6 — thermal  clock 

7 — — radioisotope  olock 
6 — thermoDile 


Fia.  16.  Scheme  of  radiaisutoue  oenerator  l\i-l  based  on  Cm 

1 — housino 

2 — radioactive  preparation 

3 — ampoule 

i*  — thermoelement  block  (thermoDile) 

5 — siphon 

6 — heat  oassaoe 

7 — shieidinn  thermal  insulation 

8 — electrical  terminal 


At  the  axial  load  the  thermal  oassaae  has  the  tendency  toward 
longitudinal  disolacement,  which  comolicates  the  assemollno  technolooy 
of  the  thermoelement  clock.  The  haat  passaoes  with  wire  couolinos 
are  more  likely  to  Oe  used  for  oenerators  which  do  not  reouire  the 
possibility  of  chanoino  the  clock  in  case  of  emeraency,  because  both 
plates  of  the  heat  passaoe  are  rioidly  couoled  with  the  casino  and 
the  thermoelement  dock.  In  order  to  replace  the  tnermoelement  dock, 
tne  Generator  must  be  completely  dismantled  and  the  radioisotope 
Block  extracted. 


The  hydraulic  heat  oassaoe  is  in  the  form  of  a cavity  between 
the  casino  with  a specially  shaoed  siphon  and  tne  inner  surface  of 
the  qenerator  housino.  This  cavity  is  filled  with  a liouid  with  a 
hiqh  coefficient  of  thermal  conductivity  (mercury,  eutectic  alloys 
eased  on  indium,  oallium  or  cadmium).  Contact  with  the  thermoelement 
block  is  provided  by  maintaining  the  corresoondinu  pressure  inside 
this  cavity.  Calculations  snow  that  the  temperature  droo  in  the 
hydraulic  heat  oassane  is  3-5' C at  a heat  flow  density  of  0.5-1  watt/cm 
The  hydraulic  tnermal  passaoe  permits  the  renulation  of  the  stress  on 
the  tnermoelement  olock.  If  the  base  of  the  siohon  adjacent  to  the 
thermoelement  dock  is  sufficiently  thin  (on  tne  order  of  u. 1-0.2  mm), 
then  there  is  the  oossioility  of  pitch  of  some  of  the  thermoelements 
relative  to  the  siohon  witnout  loss  of  neat  contact.  The  hydraulic 
heat  passaoe,  however,  is  difficult  to  manufacture  and  reouires  the 
maintenance  of  aooronriate  inner  pressure  eitner  throunh  a oas  cushion 
or  with  the  aid  of  sorinas. 


Heat  oassaae  in  the  form  of  a "heat  Dump"  is  of  definite  interest. 
It  is  made  and  tested  exneriment  •lly  on  the  0-20  model  oenerator  with 
an  electrical  ’mmitatar  of  tne  radioisotcoe  dock.  The  neat  oassaoe 
is  made  in  the  form  of  a cylinder  which  enveloped  tne  outside  surface 
of  tne  thermal  olock,  nrovidino  the  unloadino  of  the  tnermoelement 
block  from  radial  and  axial  stresses.  Tne  tnermal  dlock  is  fastens.-' 
rinidly,  and  thermal  expansions  and  tolerances  are  compensated  for  ov 
clearances  Detween  tne  cylinder  and  thermal  olock.  The  weiaht  of 
the  cylinder  from  materials  with  niah  heat  conductivity  is  5-5  ko  and 
it  nas  insionif leant  dynamic  influence  on  tne  thermoelement  dlock  . 
ine  tnermoelement  olock  is  placed  oe tween  tne  oenerator  end  shield 
and  the  cylinder,  and  tne  correctness  of  placement  can  be  yerifief*,  , 
on  tne  electric  immitator  before  placement  of  the  radioisotope  tA Jp?-- * 
in  the  oenerator.  - r 


The  temperature  droD  between  tne  "heat  Duma"  and  the  thermal  olock 
is  211-50*0  at  a heat  flow  density  of  0.2-0. 5 watt/cm  s and  oas  clearance 
of  about  0.5-0. 8 mm.  ns  a result  of  snieidinp  of  the  surface  of  the 
thermal  block  oy  the  heat  oumo,  the  losses  throuoh  insulation  increase 


insionif tcantly,  and  artditionil  neat  le  ikaoe  tnrounn  tne  Dutt-end  of 
the  tnemal  nlnck  can  oe  compensated  for  ov  increasinq  the  insulation 
thickness  at  these  places. 

The  neat  oumo  was  used  in  the  "Beta-A*  aenerator.  In  order  to 
reduce  the  temoeratura  droo  Detween  the  tnermal  olnck  and  tne  cylinder 
co^/er  of  tne  not  functions  of  tne  thermoelement  Oloc*,  snrinr  rincs 
were  used  (7  in  Fia.  17).  5ucn  a scheme  snowed  sufficient  ralijoilitv 
(.can  sustain  dwnamic  loadinos  uu  to  ri  u's)  wi  tn  tnermai  ef?i..it.ncv 
aoout  ‘ju*. 

In  concl  is; on,  we  rive  a escrintion  of  tne  “ncora’*  (uoora)  twoe 
oenerator  (Fin.  Id),  wn'cn  has  Zomt  fuel.  This  nenera’or  is  made  in 
tne  form  of  separate  ulocks:  sinlonical  snieidino,  fre.~e,  transformer 

with  thermal  screens,  and  tnerr  il  uinc<.  Assembly  o*'  tne  r.-.  nerator 
is  performed  on  tne  workinc  site.  The  radioi suiooe  oiock  i3  sniooed 
in  a soecial  snioolnn  container  which  has  a re-cnarulm:  ae*ire  for 
oiacement  of  the  radio ; intoae  slock  into  the  nenurat; r. 


is.  IF.  ^ad : ni sctr.na  neneratnr  "noora"  Da-.ed  or  Jo  ‘ . 
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Foreign  Generators 

In  the  u.S.  development  of  radioisotope  sources  of  electricity 
deaan  In  19U7.  before  the  SNAP  oroaram  was  an.iroyed  (1952-56),  only 
low-power  sources  (about  a few  milliwatts)  of  the  atomic  battery 
tyoe  were  manufactured. 

Tne  SNAP  orooram  provides  for  the  manufacture  of  radioisotooe 
sources  of  electricity  with  power  from  one  to  500  watts.  In  these 
sources,  usually,  tne  thermoelectric  method  of  heat  transformation, 
produced  tnrouoh  decay  of  radioisotopes  is  used.  There  have  also  oeen 
attemots  to  use  the  tnermoemissive  and  mechanical  metnods  of  conversion. 

Most  of  the  radioisotooe  thermoelectric  Generators  in  the  U.S. 
already  deveiooed  or  in  deslon  ooerate  on  radioactive  preparations 
oased  on  Sr’"'  . usually  the  oenerators  are  intended  for  operation 
as  a suooly  source  for  automatic  meteoroloc ical  stations,  hydroacourtic 
and  navioat’on  devices. 

The  first  radioisotooe  Generator  *:J5G  in  tne  u.S.  was  made  by  the 
Martin-Marietta  comoany  in  1961  end  was  out  into  ooeration  tonetner 
witn  an  automatic  weatner  station.  Strontium-9U  was  used  as  fuel  in 
tne  generator,  in  tne  form  of  strontium  titanate;  tne  activity  is 
175uU  curies.  The  tnermal  c-oacity  of  the  oenerator  is  117  watt, 
electrical  capacity  — '♦.?  watt.  Tne  strc  itium  titanate  is  olaced  in 
a fuel  caosule  made  from  tne  alloy  hastelloy  . Tne  neat  flow 

from  this  cansuie  is  released  Pv  bii  nairs  of  tnurmoeiements.  o jsed  nn 
lead  telluride.  which  are  uiaced  radiaiiv  at  tne  holes  of  the  rina  belt 
of  tne  tnermal  insulation  of  Min-K  . ine  thermal  clack  ana  convertor 
are  assemoled  in  a steel  frame,  .mich  is  tnen  nlaced  in  a lead  oioionicil 
snieldinc  casinn  of  119  mm  thickness.  In  order  to  imnruvc  tne  thermal 
contact  tne  clearance  oetween  tne  steel  nloc*  ana  the  oialaoical 
shieldino  is  filled  with  msrcurv.  i-rotection  is  orovid*=d  uo  a dose 
rate  of  3 mrad/hr  at  a distance  of  one  meter  from  me  center  of  tne 
oenerator . 

At  tne  wording  site,  tne  oenerator  was  nut  in  a steel  tune  wttn 
2UD  cm  lenath  ond  75  cm  diameter.  Tne  oen>’rator  is  situated  in  tne 
lov.  section  of  the  nine;  aortve  it  — - tne  nickel-cadmium  batteries, 
voltaoe  transformer  (from  i.5-**  to  25  v)  and  tne  metiurinc  part  of 
tne  weather  statior.  Tie  ne  t exn-just  of  the  oe^eraor  is  drained 
off  tnrouon  tne  lead  snieininc  to  tne  rround. 

After  the  development  orooram  of  tna  af-AA-7  series  of  oenerators 
waa  adapted,  tne  follouino  aero  ators  were  oesinned  in  tne  U.S.: 

SNAP-'/ A,  3i.AP-7d,  bNAP-7G , 3\AP— 70,  5 NAP- 7c  , and  _(VA--7F . 

In  tnese  neneraters,.  tne  radioisotope  fuel  in  the  form  of  strantium-9C: 
titanate  (in  fuel  Ccosules)  is  oi rei  in  tne  holes  of  t*-B  thermal  block 
made  from  tne  allav  hastelloy  on  tie  placer  sid°s  nf  which 
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thermoelements  (Based  on  lead  telluride)  are  situated.  The  thermal 
□lock  surface  is  covered  with  aluminum  oxide  as  electrical  insulation. 

The  thermal  Dlock  witn  the  thermoelements  and  thermal  insulation 
Min-K  are  placed  inside  the  housino,  made  from  hastelloy  , 

wnicn  i 3 placed  in  the  diolooical  snieldino.  Thermal  con;  et  witn 
the  oiolooicai  shieldino  is  tnrounh  a mercurv  layer. 


Fin.  19.  flrranoement  of  radioisotooe  aengrator  5NAP-7A 
in  a floatina  bouy: 

1 — 5r.'AP-7A  nenerator 

2 — batteries 

3 — voltaoe  transformer 
A — electric  lame 


Fiaure  19  reoresents  tne  scheme  of  the  b^AP-TA  nenerator  oesioned 
to  omovide  electrical  enerr.v  for  a buov.  This  nuov  was  out  into  action 
at  the  and  of  labl  in  ChesaDeake  rjay.  7ne  electrical  capacity  of  the 
Generator  is  1U  watts;  the  acrivitv  of  the  fuel  is  AL.O'ju  curies.  The 
Diolooical  shieldino  is  made  from  deleted  ur  nium,  orovidinn  a radiation 
level  uo  to  ID  mrad/hr  at  a distance  of  one  meter  from  tne  nenerator 
surface. 
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The  radiaiaotone  aenerttor  SNAP-70  with  thermal  capacity  of 
256  uatts  (activity  AO.GJU  curies)  and  electrical  capacity  of  10 
yatts  yaa  developed  in  1962  and  in  the  same  year  yas  out  in  nlace  for 
supplyino  the  automatic  yaatner  station  in  the  Antarctic.  The  aenerator 
is  situated  on  uooden  olankino  to  protect  the  station  from  submeroina 
in  the  snoy. 

The  aenerator  5NAP-7E  is  the  orototvne  of  Generators  5NAP-7A  and 
SNAP-7C.  It  yas  developed  and  out  into  operation  in  1962  as  a oart 
of  a deeo-yater  3tatior.  The  neneraior  provides  pulsed  consumotion 
of  capacity  of  1 kwatt  in  a 10  w.sec  period  every  30  seconds.  The 
activity  of  the  fuel  is  31. DUG  curies  Sr  . 

The  scheme  of  tne  SWAP-?1!  and  i!V~,P-7D  Generators  is  shoyn  in 
Flo.  20. 

In  196A  the  Goast  Guard  of  the  U.S.  tavv  put  into  actior  a lioht 
house  yith  the  SNAP-7S  oererator.  The  electrical  power  of  the  oenerator 
la  6G  yatts,  activity  of  the  fuel  is  225, OOP  curies  Sr’  . The  oenerator 
la  out  in  a special  container  yith  extended  cooling  surface.  fhe 
interior  cavitv  of  the  ccntainer  is  filled  with  a mixture  of  water 
and  ethylene  nlycol.  In  tne  uoner  Dart  of  tne  container  are  olaced 
the  storane  batterv  slock  and  voltaoe  transformer. 

The  SNAP-70  oenerator  was  set  uo  in  a floating  yeather  station 
in  the  Gulf  of  Mexico.  The  desion  scneme  of  the  oenerator  is  analo- 
nous  to  tnat  of  SNAP- 70 . The  oenerator  5NAP-7D  is  situated  in  the 
lower  part  of  the  flcatino  station,  .ihich  is  filled  with  oil,  oroviriina 
heat  dissipation  from  tne  aer^rator  to  tne  housina  and  to  the 
surround i nns . 

f The  5NAP-7P  with  capacity  of  60  watts,  activity  225, DOG  curies 
Sr  was  out  into  service  with  a ravination  linht  house.  The  service 
time  of  the  oenerator  is  10  vears. 

In  Tabie  15  tne  basic  rarameters  of  tne  SNAP-7  tvne  nenerat.nrs 
are  oiven.  The  main  Feature  of  tn-?  5N2P-7  oenerators  is  that  the 
thermoelectric  convertor  is  mjde  as  a complex  of  separate  thermo- 
elements pieced  on  the  thermal  slock  surface. 

Temoerature  e^oansiors  ana  tolerances  are  comocnsated  fcr  bv  a 
flexible  heat  rassaoe  along  the  cool  sirte,  provided  av  sorinos. 

Similar  generators  nave  been  dev°looed  in  Groland  sod  in  other 
countries. 
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Fin.  2D.  Scheme  of  ufoAP-70  (7D)  canerator 

1 — rartioi sotoue  oloc'< 

2 — thern-.oa  iements 

3 — tnermai  insulation 

A — aiclonic  1 shieiclinn 
5 — radiator 
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j Fio.  21.  Scheme  of  raaioisotooe  oenerator  Dasei  on  Js  ' ; 

| 1 — electric  terminal 

2 — end-shield 

< 3 — sealinn  aaskets 

*♦  — cavity  for  electrical  enemy  accumulation  system 

5 — thermal  insulation 

6 — electrical  terminal 

7 — - oush -rina 

8 — seal 

9 — thermoelement  block 

10  — - thermal  insulation  (fill) 

11  — shields 

12  — thermal  insulation 
J 3 — thermal  block 

1*4  — radioisatooe  olock 

radioactive  prenaratior 

16  — housina 

17  — thermal  nlock  mnuntinn 


i 
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Ths  desian  scheme  of  radioisotope  oenerator  cased  on  Cs ' is 
. Shaun  in  Fig.  21.  The  thermoelement  block  is  made  in  the  form  of 
sequentially  connected  thermoelements  placed  between  the  olates.  In 
the  oenerator,  the  thermal  block  is  riqidly  fastened.  Temperature 
8xoansion  and  tolerances  are  comoensated  for  throudh  individual  con- 
nection of  the  thermoelements. 


Fields  of  Application  of 
Isatooe  Thermoelectric  Generators 


Technical  and  Economic  Preconditions 


One  of  the  conditions  of  wioesnread  radioisatooe  thermoelectric 
qenerator  utilization  is  the  law  cost  (compared  to  other  sources)  of 
1 watt'hr  of  enercy  oroduced. 

Table  16  oives  (accordlnq  to  foreinn  press  data)  the  cumoarative 
costs  of  one  watt*hr  of  electrical  enemy  from  utilization  of  various 
isotooes  in  aenerators  with  eoual  capacity  (efficiency  of  oenerator 
assumed  euual  to  5%). 
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4t  tie  sresert  time  Datterv  sunriiy  auurcos  nr  stnrane  catteries 
with  Cham inr;  units  are,  fur  tne  most  sart,  used  as  tr>u  nenerai 
suoniv  sources  for  cnmmunicut inn  and  testinn  instruments  for  nrouno, 
surface,  urn  underwater  arviaratus.  Joe  tn  the  demands  of  tne  time1'., 
nniuever,  tnev  must  op  reniaoi’d  nv  mure  reliable,  nir.her  oa  eui'v  suoniv 
sources  Such  ,,s  radio isu tone  tne;-r.u-  lectrlc  .is^erutors.  T-  e nB  ♦«-!  s 
can  Oe  .lioely  •t"***'4  jn  various  sohcros  or  trie  nat'“fai  ecurcmv.  ihus, 
tneir  a-.oiicat’on  in  automatic  research  and  weather  ntatiar  : ir  nearly 
1 narcessao  le  nd  remote,  on  inn  10  i ted  rer  i nrs  allows  one  to  reou.:>>  -neir 
miintainance  rests  and  to  nntain  data  from  ror ions  earlier  i naccessauie . 

Ir  tne  jov'et  union,  ; e ‘.j.  sod  other  countries  ratlin  5 ho*  one 
npnerator  models  for  various  o :mcnes  navn  oeen  dew  inner!.  In  tog 
soviet  union  in  r-:cert  /pars,  sewer. il  tvoes  nf  decorators  are  in  oner- 
aticr.  une  of  tne  f'r.t  made  was  tne  -ereratnr  based  on  ".e 

(fin.  22). 


id 


i0tu~n  ten,  refer  " rJH  t a—  1 " . 
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The  generator  has  average  electrical  capacity  of  5.35  watts, 
its  e.m.f.  is  6.9  v,  tn«  voltage  at  R,.atl  2.7  ohm  is  equal  to  3.8  v. 

The  total  efficiency  is  equal  ta  3.7-4*,  r -backoround  at  a distance 
of  1 m from  the  shiooino  container  does  not  exceed  1 mrnd/hr.  The 
generator  ooerated  successfully  durino  eioht  months  as  a part  of  an 
automatic  radinmeteorolooical  station. 

The  "Seta"  series  oenerators  are  oenerally  desioned  for  suoplyino 
various  automatic  devices  which  are  olaced  in  remote  and  nearly  inacces- 
sable  reaions.  In  the  oenerators  of  the  "beta-2",  "deta-3".,  and  "Beta-S" 
types  and  in  some  others,  strontium-90  titanate  is  used  as  fuBl.  The 
"data-2"  and  "Beta-5"  types  of  oenerators  are  desinned  for  operation 
in  the  middle  reaions  and  in  temperate  climate  (Fio.  23  and  13).  Tne 
"Beta-3"  Generator  (Fia.  24),  is  specially  made  to  ooerate  in  the  Far 
North  reoions  and  in  the  Antarctic.  The  other  oenerators  of  that 
series  ( "deta-A1!)  are  desi  ned  to  ooerate  in  the  high  mountain  reoions. 

In  "Beta-A"  oenerators,  the  exhausted  hei.s  is  used  for  thermal  regulation 
of  the  instrument  compartment  (Fio.  25).  The  oenerators  of  the  "Beta1 
series  have  electrical  caoacity  of  5-25  watts,  e.m.f.  of  8-30  v,  efficiency 
of  4-6*.  The  majority  of  Generators  ooerate  successfully  in  almost 
inaccessible  reoims.  In  the  U.S.  a model  of  automatic  research  station 
with  radioisotone  oenerator  nas  also  been  desinned  for  the  Antarctic. 

The  station  is  to  be  used  far  investigation  of  various  effects  which 
take  olace  in  the  ionosnhere,  neom-.onetism,  earth  movement,  and  other 
neoohysical  phenomena,  and  also  for  natherino  and  transmitting  the 
metearolooical  data. 

In  addition,  various  tvoes  nf  oenerators  have  been  develooed  for 
automatic  radiameterolcoi cal  stations,  retransmission  points,  etc. 

In  the  U.S. , the  3IVAP-7  series  of  oenerators  has  been  nevelooed. 

The  series  has  five  oenerators  with  canaeitv  from  6 to  6Ci  watts.  The 
output  voltaae  is  4.5-12  v,  efficiency  is  3.3-A.7T,  weight  is  1-2  tons. 

The  shieldina  material  is  uranium,  cast  iron.  The  first  generator 
of  this  tvoe  as  a cart  of  an  automatic  weather  station  was  tested  in 
Iceland,  where  it  successfully  operated  over  a neriod  of  two  years. 

As  an  enernv  storaoe  system,  nickel-cadmium  batteries  were  used. 
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Generators  for  Surface  and  Underwater  Purposes 

Radioisotope  thermoelec • ric  Generators  may  Find  uide  use  in  buoys 
and  underwater  devices  For  various  ourooses.  The  "0"  type  QBnerators  (Fio.  26; 
are  desioned  to  operate  in  a water  environment.  They  consist  oF  the 
Generator  and  shiooino  container.  In  the  "D"  tyoe  Generators,  a oreo- 
aration  oased  on  Cs''7is  used  as  Fuel  in  the  Form  oF  caesium-lead  silicate 
olass.  The  tnermooile  is  unloaded;  the  qenerator  housino  is  desioned  For 
increased  pressure,  allowino  the  Generator  to  operate  at  the  reouired 
deotns.  The  Generators  have  the  foiiowino  principal  characteristics: 
electrical  power  autout  — 10-25  watts;  e.m.F.  — 12-24  v;  eFFiciency  — 

3-5*.  Radioisotope  oenerators  oF  such  tyoe  also  operate  in  the  u.S. 

Thus,  the  radioicotooe  oenerator  oF  the  a(\)flP-7  type  has  been  used  since 
January,  1964  as  a suonly  snurcB  in  a floatino  oceanooraDhin  weather 
station.  In  addition,  Generators  oF  such  type  are  used  in  navioation 
liont  houses  placed  in  distant  or  inaccessible  reoinns.  Several 
hundreds  oF  such  oenerators  are  reouired.  To  make  the  naviqation  oeriod 
lonqer,  the  U.S.  Coast  Guard  has  suonested  that  radioisotope  supply 
sources  be  used  in  the  sound  sionol  beacons  which  arc1  placed  on  the 
bottom  oF  the  sea  or  ocean  to  mark  the  navinabie  channel  in  zones  where 
use  of  surFace  sional  buoys  is  restricted  by  floatinq  ice-Floes. 

Padoisotone  oenerators  can  also  be  used  in  naviaatinn  devices  olaceo 
on  the  sea  Floor  to  desicnate  underwater  rocks  and  other  underwater 
banners  For  submarines.  Underwater  radi c! so  tone  oenerators  can  De 
used  For  suoolvina  neoohvslcal  and  other  testino  instruments  wposp 
Duroose  is  the  recistration  oF  eartnouakes,  underorouno  ruclear 
explosions,  etc. 

The  U.S.  Coast  Guard  Gians  to  nJace  seismometers  on  the  ocean 
Floor  to  reoisr.er  underorouno  nuclear  explosions  and  earthouaxes. 
uome  oF  tnese  devices  will  nave  caoie  communication  with  the  coastal 
stations;  tne  others  will  be  selF-contain  d.  Radioisotope  Generators 
mav  be  used  in  ooth  cases:  in  the  First  — For  sunolvino  the  caoie 

amoliFiers;  in  the  second  — as  the  sole  sunniv  source  oF  the  whole 
device,  similar  systems  can  also  oe  used  For  waminos  concernino 
tidal  waves  formed  ov  underwater  ouakes. 

In  fjreion  ouol icat i ons , exoerts  have  analyzed  ne  DOssiDilitv 
□F  usinn  raaioisotcae  sunniv  sources  in  sound  navioation  transmitters 
wnich  orovide  oosi t i on-] ocati nn  oF  surFace  and  underwater  vessels  with 
hicn  accuracy.  It.  is  assumed  that  the  sound  cieneators  will  be  needed  with 
oower  suonlv  sources  nf  u.wl-1  watt,  deoennirc  on  tne  strenntn,  time 
and  reoeat  velocity  of  the  sound  sinnals.  Tne  operation  time  For 
these  devices  is  from  5 to  211  wears. 

It  is  a-sumed  that  a Fe  .■  sound  oenerators  uill  oe  estaul i shad  in  areas  of 
definite  interest'.  Follnwino  an  inouirv  from  a shiD,  tnese  oenerators 
must  transmit  encoded  impulses  cy  which  tne  snip's  location  mav  be 
determined  with  sufficient  ccuracv.  The  variants  for  utilization 
of  various  acoustic  le.'ces  nave  been  aralvzed  to  d”si  rate  tne 
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location  of  submarines.  Such  devices  could  transmit  the  data  throuoh 
the  cable  communication  svstem  to  the  coastal  stations,  the  sjonlv 
of  which  can  Ue  orovided  bv  utilization  of  rarticisorcoe  nenerators 
in  a special  comolex  of  testino  instruments.  Tne  nower  of  the  suooly 
source  must  be  about  ISO  watts. 

Isotone  current  sources  c .r  also  oe  used  durino  orosnectino  and 
exoloitation  of  mineral  resources  on  tne  bottom  of  the  sea  and  ocean. 

Several  companies  in  the  U.S.  are  very  Interested  in  this  oroolem. 

Radioisotope  oenerators  can  be  used  to  suooly  seismic  anoaratus 
which  is  used  for  exploration  of  oil  and  also  for  sunDlvino  the  soecinl 
aooaratus  used  for  maooinc  tnB  saa  floor.  Durino  exploitation  of  sea 
wells  and  exoloratdry  drillina,  tne  oenerators  can  be  used  for  sucolyina  the 
telameterinq  aooaratus,  the  oil  oioeline  renulatton  system,  etc.  They 
can  be  used  for  suooly  of  the  enuioment  of  underwater  stations  for 
various  ourooses,  in  particular  for  ohato-  and  telemeterino  devices 
of  communications  systems,  etc. 

Generators  for  So3ce  Uses 


A wide  oronram  of  work  on  exoloration  of  outer  space  is 
connected  with  tne  necessity  of  the  availiOility  of  lono  term  reliable 
eneroy  suooly  sources,  especially  sources  for  suodIv  of  life-suonort 
systems  on  tne  soace  craft. 

In  tne  U.5.  rariioisotnoe  enemy  suooly  sources  for  soace  craft 
life  sucoort  systems  are  oeino  developed  cv  several  firms.  R.-dioisotoue 
sources  may  be  used  to  perform  many  iroortant  functions  of  the  life 
supoort  system,  particularly  for  Oumino  and  orocessino  of  waste, 
heatinc  food,  conversion  of  llnuid  oxwnen  to  oss,  and  also  for  removal 
of  impurities  and  regulation  of  tne  air  medium  in  ths  manned  space  craft. 

in  tne  banned  Spacecraft  Laoor3tnr ies , JU-dav  exnerimerts  are 
carried  out  on  a evst'em  in  wn;cn  drinkino  water  is  recovered  from 
numan  liouid  wastes  (wasn  water,  urine,  condensate).  As  fuel  a 
oreuaratinn  based  on  =ua3*  is  used,  with  neatino  c-jDhCitv  cf  D watts. 

for  suodIv  of  on-oaera  electronic  reoulaticn  and  control,  scientific 
and  telemetric  instruments  snd  communications  facilities,  electrical 
enemy  sources  na.ina  Iona  tBrm  service  .-md  nich  reliability  are  also 
renuired.  In  some  circumstances,  tne  parameters  of  solar  and  cnsmicai 
oatteries  (weicnt,  reiiaailltv,  ooeratino  life,  etc.;  cannot  m et  the 
reauiremonts  demsrdod  cf  tne  erernv  sources  for  ^uei  ific  tv/nei  of  marnp.d 
soacecraft.  in  such  cases,  it  is  advantageous  to  use  radioisotope 
oenerators.  Such  a rencratnr  was  used  in  the  u.  . in  satellites  of 
tne  Transit-**  tvne.in  tne  tne  Soviet  Union  — or  satellites  of  tr>e 
"Kcsmos"  tvce.  On  satellites,  nirniy  varies  Dumoses  may  aleo  be 
served  nv  sucn  nmeratnrs  of  thermal  and  electrical  enemy,  tne  nower 
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of  which,  deoendina  an  the  ournase  and  service  life,  varies  from  fractions 
of  a watt  to  kilowatts. 

In  contrast  tn  terrestrial  cere  ntors,  which  are  Based  on  fission 
products  and  for  which  the  critical  value  is  usually  cost,  the  critical 
parameter  for  aene  atars  fur  use  in  soaee  is  weight.  For  3Qace  uses, 
therefore,  it  is  oreferaole  to  use  nrenarations  oasea  on  J -emitters 
wnicn  have  niqn  specific  oower  ano  which  do  not  reauire  tn*.  use  of 
heavy  shieldino. 


Mini ature  ileneia tors 

As  a rule,  in  miniature  Generators  it  is  ativantaceous  tu  use  J,  - 
radioactive  isotopes  or,  as  a last  resort,  soft  /’.-emitters. 

In  the  USSA  and  tne  U.3.,  operative  miniature  Generators  have 
been  developed,  one  of  whose  oossiDle  aoolications  i3  in  medicine. 
Developed  in  the  USSR,  miniature  Generators  of  tne  IG-67  tvDe  (Fio.  27) 
have  caoacitv  of  ^ 1 watt,  service  oeriod  of  iu  years,  fuel  — 
oenerator  weight  — n/0.5  ka. 

A radioisotooe  generator  has  oeen  dev  loned  in  the  u.u.  for  suoolv 
of  heart  stimulators.  The  characteristics  of  the  oenerator  are  as 
follow..:  electrical  caoacitv  152  . watt,  service  life  '■  iu  vears, 

fuel  — Pu1-'*'  , nenerator  weight'  1UU  o,  volume  - 70  cm-  . dose  rate 
of  irradiation  — not  mere  than  b mrad/hr. 

aiorK  is  Ceinq  done  or  artificial  ( much jni cal ) hearts  with  radio- 
isotope sources  of  erernv  suuoi/. 

In  conclusion,  oph  miciht  mertint  tnat  in  tne  nast  ID  vears  a 
whole  series  of  radio* so: cue  tnermoelecfic  auroratnrs  navt  Oi_en 
made  which  nave  Iona  st.v'ce  life  with  hian  reiiaoiiitv.  Tne  soecific 
uawer  caoacitv  (watt-hr/xn)  of  suen  Generators  exceens  bv  ll»  times 
that  of  tne  aest  model  sel  -ccntuirsd  jhr.mical  source  of  ei-ctric3l 
enerov  in  wide  use  at  toe  oresent  time. 


questions  Corcern i rn  Radiation  aafety  ui r inti 
Oeveionmgnt  and  Operation  of  isotope  Thermoelectric  Generators 

Types  uf  radiation  Effects 

Hadioactive  suastarccs  ocssess  nntenti  1 dan-er  rd  c--.n  have 
harmful  effects  on  oo-n  humans  and  enuinment. 

Concernino  tne  act’or  nn  humans,  opp  mav  ni  st'rt' uisn  two  tvoes 
of  i rrad : at i nn : external  nr1  internal.  In  tne  case  nf  external 
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radiation,  tha  danaer  is  from  neutron-  , Y - and  brakino  radiation, 

* and  also,  in  sane  cases,  -radiation.  Intern-il  irradiation  i3  caused 
by  radioactive  material  nettinq  inside  tne  ora <n ism. 

External  Irradiation.  For  the  same  density  of  radiation  flow, 
tha  Greatest  dancer  is  from  fast  neutrons.  Tn  s is  Because  under  tne 
tne  action  of  this  sort  of  oarticle  with  tissue  of  tne  human  aroanism 
contoinina  sionif leant  amounts  of  hydrooen,  primarily  recoil  orotons 
era  formed.  Protons  create  nowerful  ionization  alono  tneir  oaths  since 
they  are  heavy,  sinole-charosd  oarticles.  This  ionization  bv  many 
times  exceeds  the  ionization  caused  bv  electrons  formed  as  a result 
of  the  interaction  of  brakino  or  t -radiation  with  the  surroundinns. 
Rotenti  il  danoar  is  also  nresent  from  thermal  neutrons,  since  durinn 
tneir  interaction  with  iivinn  tissue,  nuclear  reactions  occur  with 
emission  of  V-ouanta  and  nrotons.  The  hiohar  tne  ene  oy  of  the 
neutrons,  tna  oreater  is  tne  oiolonical  danoer  thev  nrusent,  i.e.. 
with  increase  of  neutron  enemy,  there  is  a decrease  in  the  -annitude 
of  tne  maximum  oermissioie  neutron  flux.  For  J -,  irakirtc-  and 
/ -radiation,  such  dependence  is  orarticallv  aosent  uo  to  an  ensrny 
of  2-3  Mev. 

For  oersons  constantlv  occuniert  at  work  with  source  of  lonizinn 
radiation  there  has  oeen  ‘••staulished  a limit  of  U.l  remoer  week, 
however,  in  seoarate  occuriarces  a sinale  dose  may  have  a value  uo  to 
3 r«n  oer  anv  13  consecutive  weeks  (auarter)  on  condition  that  the 
annual  dose  will  net  exceed  b rem  . The  stated  levels  are  such 
tnat  tnere  is  no  measuraole  chance  in  the  state  of  health  of  the  nersnn. 

Internal  Irradiation.  Radioactive  materials  inside  the  human 
oroanism  present  the  greatest  dancer  since  thev  int°ract  dirpctlv  with 
tng  livinn  tissue.  The  Exposure  time  sharnlv  increases,  since  in  the 
"-a  lari  tv  of  cases,  the  radioactive  materials  enter  into  chemical 
reactions  with  various  elements  of  the  oiolonical  tissue  and  are 
released  from  it  rather  singly.  In  addition,  certain  radioactive 
materials  have  the  tenderev  tn  concentrate  in  specific  orn  ms,  which 
Increases  still  me, re  tneir  h:oio''ical  dinner,  .t  is  imuor'ant.  to 
Dear  in  mind  tn  it  .ihen  redi  oac‘ i ve  material  f 'iis  inside  t.ne  rro  nism, 
the  usually  measures  nf  r'rat^ct'hn  Ov  distance,  time,  shieldin'}  materials 
are  inancl  i caole  anri  removal  nf  the  nyrti  oa-ti  ve  material  ?s  sometimes 
□Tactically  impossible.  Tne  maximum  dander  is  present  ’n  the  contam- 
ination of  tn.j  surroundinn  aiu.  *ond,  --nd  water.  Cf  tnaup  tne 
nreatest  dancer  is  from  contamination  of  tne  air.  Inis  is  explained 
Ov  tne  fact  tnat  tne  unlii»o  nr  air  inh.lad  Ov  a nersnn  per  hours 
exceeds  ov  many  times  tne  volume  of  iiater^or  food  invested  in  tne 
some  period.  In  addition  to  ennt -minai.  i on  of  air.  -.titer,  ,rii  toed, 
one  must  also  k-^en  in  mind  <-ant  ami  nation  nf  vorinua  'I'j'^rts,  articles, 
clotninm,  etc.  buen  ennt iroi nat : on  reDrESEn‘s  notnrial  darner  from 
its  nossiole  introauct inn  intn  the  orp.mism. 
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Principal  Safety  Measures 

To  insure,  safe  poerstion  with  radioactive  materials,  the  foilauina 
precautions  are  necessary:  maximum  possible  (reasonable)  reduction 

of  the  dose  of  external  irradiation  and  limit  of  intake  of  radioactive' 
material  into  the  body.  Hadioactive  materials  occur  in  covered  and 
uncovered  forms.  The  nreatest  biolnoical  danejer,  undoubtedly,  is 
presented  Oy  uncovered  nreoarat ions . Therefore,  one  must  try  to 
use  radioactive  materi  ils  in  a covered  state,  lnsurinn  maximum  pro- 
tection from  intake  of  rad  oactive  material  from  the  iinettiate  surround- 
ings. For  this  it  is  nosaiole  to  transform  the  radioactive  material 
to  a suitaole  sta*.  of  anereaation  md  then  encase  it  in  a soeeial 
envelope,  etc.  In  tne  covered  statH,  radioactive  material  nr>  sents 
danqer  as  a source  nf  external  irradiation.  From  tnis  standooint  oure 
X -emi iters  are  essentially  not  dimerous,  since  they  are  easily 
absorbed  by  relatively  thin  layers  rf  material  and  reouire  practically 
no  soecial  protection. 

Safety  wnile  workino  with  /:  -emitters  may  0e  insured  by  special, 
relatively  9mail,  screenino  (amooule  Cisinq,  etc.).  However,  in  the 
presence  of  sinnificant  quantities  of  radioactive  materials  considerable 
danaer  may  oe  present  frum  nrakino  radiation  arisinn  From  the  inter- 
action of  /£  -radiation  jit n matter,  arakinc  radiation  is  similar  to 
4 -radiatiun  in  thn  character  of  its  interaction  witn  matter.  Con- 
seouentlv,  the  nroteative  ^aasure9  it  renuires  are  tne  sjme  as  those 
for  »'  -radiation. 

bialoaical  effects  are  orlncioally  based  on  the  cumulative  radia- 
tion dose,  which  is  deoendent.  on  tne  radiation  intensity  (dose  rate) 
and  exposure  time.  It  is  annarart  that, if  it  is  not  possible  to 
Shorten  the  exoasure  time,  it  is  necessary  to  decrease  the  dose  rate. 

Gne  may  decrease  it  earner  by  increasing  the  oD  iect-sourc*  distance 
(usually  tne  dose  n's  decreases  with  the  sauare  of  the  distance), 
or  by  use  of  soecial  ‘att-r-nuatinn  shieldinp  (lead,  tunn3ter,  etc.). 

As  a rule,  in  determilnat i on  of  nrotective  conditions,  one  tikes  into 
account  ail  tnree  fgcit.nrs:  exposure  time,  object-source  distance, 

attinuat i on  of  ridia'ion  oy  tne  material  of  the  nrotective  shieidlnn. 

For  protection  from  neutron  ridiat  un,  neutron  anaoroinn  material 
(oaraffin,  water,  etc.)  is  used. 


All  cowered  sources  must  oe  kent  in  a safety  device.  Toucnin- 
them  ov  nend  is  nronloited;  rturir.o  m-<ni  nutations  with  them,  one  must 
jse  various  adaptors,  manipulators,  nrotective  shielding,  etc. 


Radiation  Monitor  inn 


Radiation  monitorino  was  oroanired  for 
level  to  which  oer^nns  vorklnr  wi  th  sources 


moni  tori nrt 
of  ’oni/ino 


the  exposure 
Radiation  are 
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. subject.  The  task  of  individual  radiation  monitorinn  is  to  measure 
the  dose  received  bv  each  worker. 

Individual  radiation  monitorinq  can  be  achieved  bv  the  use  of 
three  metnods:  ohotomethod,  and  ionization  and  luminescence  methods. 

In  oractice,  the  first  two  are  most  often  "sed.  The  IHM  kit  (Individual 
Radiation  Monitorina)  is  used  for  determination  of  tne  cumulative 
dose  of  exposure  (for  a certain  cut-o; f time).  With  this  method  it 
is  not  immediately  oossiole  to  monitor  the  dose  received  on  the  site, 
since  it  recjires  special  onotonraphic  processinq. 

The  ionization  method  exists  in  two  forms:  the  first,  for 

measurement  of  the  dose,  a condenser  ionization  cnamder  (kit  KID) 
is  used;  in  the  second,  a read-out  ionization  chamber  with  direct 
readinci  of  the  dose  ov  the  scale  of  an  electroscope  connected  with 
tne  chamoer  (DK).  At  the  present  time  sufficiently  complete  sets  of 
specialized  instruments  far  measurement  of  the  dose  rate,  surface 
contamination  and  aerosols  have  been  developed. 

Radiation  Protection 

Practical  work  with  sources  of  ionizino  radiation  will  show 
tnat  ooservance  of  suitable  rules  for  handlinn  radioactive  materials 
and  sources  of  nuclear  radiation  may  provide  complete  safety  for  the 
ooeratinu  personnel.  Restricted  oermissiule  exposure  levels  for  all 
forms  of  ionizino  radiation  have  oean  estaolished. 


nev:  a)  thickness  of  shieidinp  anainst  ' -radiation, 

nrnyidinp  10  mrad/hr  at  a distanre  of  one  meter 
from  the  c-'nrer,  cm. 
o)  thermal  nnw«"r,  watts 


w 
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In  radioisotope  aenerators  based  on  0 -radioactive  isotopes,  the 
qreatest  attention  must  be  aiven  to  protection  from  > --and  brakina 
radiation. 

The  best  orotection  from  f -radiation  is  afforded  by  materials 
with  hiah  atomic  number  2 ( lead, tunasten,  uranium). 

Fia.  26  snows  the  oraohic  deoendence  of  the  tnickness  of  the 
lead  shieliinq  on  the  thermal  oouer  of  the  radioisotope  block  for 
aenerators  based  on  various  isotopes.  Accordino  to  the  oiven  orach, 
it  is  possible  to  estimate  the  required  protection  for  the  restricted 
permissible  dose  rate  of  ] -radiation  of  1CI  mrad/hr  at  a distance 
of  one  meter  from  the  radioisotope  olock.  If  an  increase  of  dose 
rate  is  pu'missible,  it  is  possible  to  use  the  same  oraon,  decreasino 
the  value  of  the  thermal  power  by  as  manv  times  as  the  permissible 
dose  rate  is  increased,  ard  conversely. 


Aooendlx 


Sanitation  Rennla  Ions  for  Installation and  Operation 
Of  Isotope  Current  Sou roes  Ha3Bd  on  ^ -active  l90t  nes 
For  ilround  Purposes  (SR  No.  619-66) 

Introduction 

Tha  raaul rements  of  the  oresent  renulations  are  cnmoulsory 
durlno  menuf actura , storane,  shinoino,  and  oneration  of  current 
sources  based  on  fi  -active  Isotopes  for  automatic  meteorolooical 
stations.  Tna  requirements  nreu  out  of  tne  "Sanitation  Renulations 
for  Work  with  Radioactive  Materials  and  sources  of  Ionizina  Radiation" 

No.  333-6U. 

The  resoonsioility  for  execution  of  the  nresent  renulations  lays 
with  the  administration  of  the  institutions  and  enterorises  of  manu- 
facture, shinoino,  and  ooera  ion  of  the  isotone  current  source  (ICS). 

ICS's  are  intented  for  suoolv  of  automatic  nround  meteorolooical 
stations  and  other  installations  established  in  remote  and  nearly 
inaccR3saale  ran  inns. 

The  aooliraton  on  an  ICS  for  sunnl v of  stations  is  determined  hy 
its  onerat'na  reliaoilitv  in  comriarison  with  other  self-cnntal nod 
sunuly  sources,  continuity  of  work  .ithnuf  monitorino  and  replacement 
of  the  device  itsplf  or  its  components  t and  also  by  economic  advantaoes. 

From  the  standpoint  of  nrovidinr  radiation  safety,  the  ICS  is  a 
covered  radiation  source  of  hinn  activity  (>’J-?liO  kruries)  witn  a 
hiqh  denree  of  tlnntness,  mecnanical,  thermal  and  corrosion  stability. 

The  ICS  differs  f rom  covered  sources  spoiled  in  rndi oisotooe 
devices  in  that  its  ni crest,  ojeratinn  efficiency  is  reached  ‘linen  the 
maximum  radiation  absorption  inside  the  source  itself  is  provided. 

Inis  allows  tne  enclosure  of  tne  radioartivp  preparation  in  a caosule 
(primary  oackim)*  with  a wall  thickness  oy  far  exceedim  t.he  pene- 
tration anility  of  tne  primary  (worki.no)  radiation. 

In  order  to  provide  radiation  safety  in  relation  to  external, 
nenetratinc  radiatinn,  tnE  isotooe  nlock  is  placed  in  a snieidino 
oiock  ( workinn  containei)  and  d'lrinc;  shiooino,  artrli  tinnully  in  a 
shiooino  container. 

Potential  radia'ion  d freer  durinc  sninninn.  installation  end 
operation  of  the  TuS  can  include  the  fnlloui'mn  factors: 

drakinn  radiatinn  r>d  \ -rart'.aticn  from  impurities: 

surface  radirnctive  contamination  of  the  ICS  and  '-hinpinn  crnt  iners. 

•In  techr  i cal  desn.*"'  ot 5 ons , it  is  acceptable  to  call  an  encapsulated 
radioactive  oreoarat'nn  an  ’isotope  block'. 
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The  fundamental  sanitation-technical  characteristics  of  the  ICS  are: 
rated  (actual)  activity  contained  in  the  isotope  Block; 
lsotooe  used; 

chemical  aid  radiochemical  ourity  of  the  isotope; 
mechanical,  thermal,  and  corrosion  staoility  of  the  isotope 
□lack  and  of  the  ICS  as  a whole; 

level  of  radioisotooe  contamination  of  the  unit  and  external 
surfaces  of  the  ICS; 

radiation  levels  from  the  ICS. 

I.  Requirements  for  tne  Isotope  -ilock 


1.  when  makina  the  heat  so'irce  for  the  ICS,  preference  should 
be  aiven  to  an  isotope  with  maximum  heat  output  with  low  Denetratino 
aoility  of  the  principal  radiation,  with  low  output  of  accompanyinn 
and  secondary  oenetratina  radiation,  and  with  minimal  possibility 

of  radiotoxicity.  Criteria  for  selection  (when  various  technical- 
economic  indexes  are  eaual)  should  oe  the  minimal  value  of  the  product 
of  activity  of  the  isotooe  block  ard  tne  reciprocal  of  the  maximum 
permissible  concentra  ion  of  tne  isotope  in  the  air. 

2.  Radioactive  nrenaratian  should  be  a solid,  non-frianle,  in- 
soluole  in  water,  non-suol imatinn , and  not  enierina  into  reactions 
with  air  and  the  material  of  the  caosule,  with  hiqh  radiation  and 
temnerature  staoilitv,  nrovidina  minimal  leakane  of  the  isotope 
durinc  ruoture  of  the  isotope  block.  The  meitino  temnerature  should 
not  be  less  than  5Uf/‘C  , and  tne  noilinn  temoeraturp  not  less  than 
lbULf  C. 

J.  The  desian  of  the  isotope  block  should  cuarantee  its  inte- 
oritv  and  tinntness  under  normal  operation  and  storaoe  >f  the  ICS 
over  a oeriod  of  ten  half-lives  of  the  isotuae  and  rturino  emeroenev 
situations  which  may  arise  durino  shionino  bv  all  forms  of  transoortati on. 

<4.  Tne  material  of  tne  isotooe  block  mrt  the.  techmionv  of  its 
sealina  should  provide  intenr’tv  and  tinntness  in  an  atmosphere  of  air 
and  around  water  over  a aervri  of  ten  half-lives  of  tne  isntunp  under 
unv  climatic  Condi t inn. 

b.  The  desion  ;nd  maruf actur i rn  tscnnolocv  of  top  Isotuue  block 
snou.a  insure  its  inteoritv  -md  ti~htne:is  with  a safety  factor  of 
ten  in  tne  case  of  possible  increase  in  internal  pressure.  Pressure 
should  be  estimated  for  a temnerature  of  lliiiJ  C. 

6.  The  isotooe  olock  -huuld  maintain  its  inteoritv  and  tinntness 
under  the  followinn  stresses: 

violation  ,iith  Freauencv  of  2\  -f(i  h7  under  an  aocelerat  nn 
of  ~Z-  10  G's  over  a oeriod  of  6 hrs. 

sinnie  imoact  with  acceleration  -a  3UQu  fi's  and  action  time 
of  U.b  in  sec. 

temnerature  of  lluli'C  over  a ‘eriuri  of  ? hours. 
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7.  The  caosuls  material  of  the  isotope  block  should  be  stable 
toward  radiation.  Losses  of  strenoth  of  the  isoiooe  clock  from  radiation 
damaoe  should  nut  exceed  1U%  from  the  original  with  absorption  of  a 
dose  corresoondino  to  an  ooeratino  dose  for  an  exoosure  period  equal 

to  ten  half-lives. 

The  Cdosule  material  of  the  isotope  slock  should  be  chemically 
staple  in  relation  to  the  preparation  and  the  radioactive  decay  products. 

8.  Surface  contamination  of  tne  isotope  olock  should  not  exceed 
5*10 'V'curies/cm*  for  /?  -active  isotopes  and  1 *10  * '/  curies/cm;  for 

-active  isotopes  with  a cumulative  activity  no  nreater  than  1 /tt  curie 
for  fi  - and  5- Id"-*  u curie  for  ^-active  isotooes. 

5.  The  dose  rate  from  tne  isotoue  block  (without  protection  unit) 
should  not  exceed  3UQ  rad/hr  at  a distance  of  one  meter,  if  the  dnse 
rate  exceeds  that  stated  above,  tne  protection  unit  should  maintain, 
without  disruption  of  its  intenrity,  the  same  mechanical  and  temoerature 
stresses  as  the  isotoue  olock. 

II.  Requirements  of  the  Protec t i on  Unit  (itiorklnr  Container) 

10.  .ie  protection  unit  shnuid  insure  reduction  of  tne  radiation 
level  from  the  isotope  block  to  the  followina  values: 

on  the  surface  of  the  protection  unit  — no  more  than  10  rad/hr, 

on  the  exterior  surface  of  tne  heat  exhaust  — lu  rad/hr. 

at  a distance  af  one  meter  from  toe  orotection  unit  — 1 rad/hr. 

11.  The  material  and  desion  nf  the  nrotection  unit  snould  insure 
its  inteortty  and  tiohtness  under  normal  ooeratino  conriit:  ns  of  the 
ICS  and  mast  nraoable  accidents. 

12.  The  nrotpctir.n  unit  must  withstand  the  following  mechanical 
and  temoerature  stresses: 

vibrations  of  2 i-fifr  Hz  and  acceleration  " lu  G’s  in  a ppriod 

of  6 hrs, 

slnnle  impact  with  acceleration  not  1r3s  than  luU  G’s  durino 
an  action  time  of  5,»jsec. 

temperature  of  11 10' C for  a period  of  2 hrs. 

11.  The  desion  of  tne  protection  unit  should  urovldP  fur  possible 
removal  of  tne  heat  exhausi  system  and  ICS  nacxinn  jn  tne  nhioDinn 
container,  connection  of  tne  :3,1b,  snnrt-cl  rcui  t of  the  theimnulle 
terminal,  reoincement  of  tne  thermal  convertor,  and  also  the  reverse 
ooaratinns  with  the  aid  of  manual  remute-control  devices  nrovidinn 
removal  of  tne  operator  from  tne  ICS  oy  h li  stance  no  less  man- 
0.5-1  m durino  an  execution  time  for  ich  of  the  stated  operations 
no  more  than  3 min. 
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14.  The  total  welaht  of  tne  ICS  In  the  nrotection  unit,  tooether 
with  the  heat  exhaust  system,  should  not  exceed  250  kn. 

15.  The  desion  of  the  nrotection  unit  should  insure  the  oossioillty 
of  carryino  the  ICS  with  tne  aid  of  rods  of  lenoth  no  less  than  ? m. 

The  orotection  unit  should  have  a device  for  ranid  securino  and  various 
other  shloiina  aids. 

16.  The  nrotection  unit  acca:>siole  for  contact  should  not  have 
a temoeratur  ■ over  flP'C. 

17.  The  surface  contamination  of  the  nrotnction  unit  (workina 
container  ' should  not  exceed  1*  IQ“<  // curies/cm1  for  /j  - and  1<10  #J 

c uries/cm  ' for  Y-active  isotooes. 

The  surface  of  tne  uorkina  container  accessiole  to  contact 
(devices  for  fastunino,  installation  and  shionino  of  the  ICS  and  the 
external  surface  of  tne  neat  exhaust  system)  snould  not  have  surface 
contamination  exceedina  3*lLi'4  curies/cm*  for  /»  - ond  1 • 1U  **•'  curies/cm 
for  •<  -emittino  isotooes. 

lfl.  Tne  desion  of  tne  nrot.ction  unit  should  exclude  tne  oossioillt.v 
of  its  disaosemulv  ov  orJinarv  mecnunics  tools. 

15.  On  tne  surface  of  tne  nrotection  unit,  tnere  snould  oe  a 
sian  "Radiation  Danaer*  indeliolv  marked  in  red. 

H_I . Reoui r smen ts  fa r Sninolnn  Co nt aine r _ 

2U.  Tne  desinn  cif  tne  shionino  container  snould  allou  the  possibility 
of  cuick  extraction  or  the  nrotection  unit  (^orkina  container)  with 
tne  aid  of  manual  remote-control  devices. 

21.  Tne  sninoina  container  should  Oe  stamoed  in  accord  ;rce  ui  r.n 
"Heoulat ions  for  tne  T raranor tat ; on  or  Radi oact i v-  i atarials"  No.  34a-fil. 

22.  The  shiooinn  container  should  have  dPvices  for  its  securino 
in  tne  transnortat inn  facilities  and  for  use  3v  noistinn  facilities. 

23.  Tne  dose  rate  on  tne  surface  of  tne  sniooinn  container  should 
not  exceed  2UU  mrad/hr;  at  a distance  of  nm>  meter  from  it  — • lu  mrad  hr, 
i.e.  the  iKvril  car resnonoi no  to  tne  ill  sniurinn  cateoorv  of  cratino 
raj: cacti ve  materials. 

24.  contamination  of  tne  outer  surface  of  the  s.iinaincj  container 

should  not  exceed  Ju  ' •> -sart  i c ) ps  or  5Du0  /-narticles  oer  150  cm " 

in  one  minute  (i*i|j''for  / - cd  1 • IlT*  curies  fur  •-*  -active  isotones'. 

25.  The  exterior  surface  acces  isle  to  cortact  of  t.ne  shionino 
container  snouid  not  n syp  a temnerature  aoove  fltJ'C. 
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26.  The  material  and  deslon  of  the  shiopino  container  snould 
Insure  Its  lntearity  under  the  fallowlno  stresses: 

sinale  imoact  with  acceleration  no  less  than  10  U's  and 
duration  of  50  msec, 

temperature  of  500  C for  a period  of  2 hrs. 

IV.  Storaoe  and  Shipping  of  Radioisotope  Current  Sources 

27.  The  ICS  should  oe  stored  and  shioned  In  its  shioolno  container 
in  accordance  with  the  "Reaulationa  for  Transportation  of  Radioactive 
Materials*  No.  149-1. 

20.  Durino  shiooino  ^nd  storaoe  of  ICS's,  the  thermopile  terminal 
should  be  snort-circuited.  It  is  not  Dermlssiola  to  ship  or  store 
the  ICS  witnout  the  heat  exhaust  system  (finned  surface). 

29.  Shiopino  of  tne  ICS  without  a shiooino  coot. liner  is  oermitted 
only  on  tnat  Dortion  of  the  route  not  accessible  for  the  trjnsoort 

of  the  shiooino  container  and  durinn  its  execution  ov  soeciallv  trained 
workers. 

30.  Oellvery  of  the  ICS  to  the  storaoe  site  durino  sniooino  in 
the  workino  container  should  oe  done  after  preparation  of  the  site 
(oreoaration  of  the  Ounker  or  emoarkment,  arranqpment  of  oarriers  and 
sIoof,  assemoly  of  all  units  of  tne  weatner  station,  etc.). 

31.  Durino  shiooino  of  tne  iCb  in  the  jorkina  container,  it  i3 
necessarv  to  use  ail  a\  < i ladle  mpans  of  transoor tat , on  union  speed 
uo  tne  shiooino  or  increase  tne  distance  0-  tween  the  ICS  and 
personnel  (helicopters , cross-country  vehicles,  pack  animals,  etc.) 

V. On' ration  of  Isotope  Current  sources 


32.  All  work  connected  with  transport  nf  the  ICS,  site  nreoaration, 
its  installation,  thermopile  r olacerent,  inspection  of  the  ICb  and 
return  (recover'/)  should  oe  carried  out  ov  bDfeCiallv  trained  workers. 

33.  j'ork  of  a semolv  and  Inspection  of  tne  ue.ituer  station  units 
not  or  tne  site  of  tne  ICS  installation,  may  oe  carried  nut  uv  weatner 
service  person' el.  Durino  tnis  time  tnev  pnuuid  Oe  instructed  corcernir-c 
and  acouainted  with  current  renula  ions. 

34.  Installation  of  weatner  stations  wit->  iC-'s  a r.j  nermittcO  only 
Ov  autnar i /a’ i on  of  tne  Cnief  of  the  buni tarv-Cni dnm inlnnlrel  Contrnl 
of  tne  Ministry  of  - -jOlic  Healtn  of  tne  l-jSR  and  notificati-  n of  tne 
oroans  of  tne  militia. 

35.  As  a rule,  tne  ICS  should  oe  used  in  tne  shijuino  container. 
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36.  Ourlno  ooeration  of  an  ICS  in  its  snioninc  container  in  areas 
accessible  to  neoole,  tha  ICS  installation  site  snould  be  fenced  with 
baroed  with  1.5  m hinh  for  a distance  at  which  tne  dose  rate  does  not 
excet n D.Cil  mrad/hr. 

37.  To  reduce  the  sire  of  the  fenced  off  area,  it  is  recommended 
tnat  tne  ICS  be  ouried  in  the  nround  or  su: rounded  bv  an  embankment. 

In  this  case,  the  fenced  off  area  should  be  such  that  the  dose  rate 
at  a neioht  of  1.8  m anove  the  around  should  be  U.U1  mrad/hr. 

38.  When  the  site  is  located  in  inaccesninle  ares,  it  mav  be  unfenced. 

39.  Qoeratian  of  the  ICS  in  the  work i no  container  m >y  be  carried 
out  only  in  remote  sites. 

<*U.  when  utilized  in  its  workino  contjiner,  tne  ICS  should  be 
ouried  in  the  nround,  or  surrounded  Ov  an  emDankment  such  tnat  the 
dose  rate  3 m from  the  ICS  does  not  exce  d ID  mrad/hr  Cat  a neioht 
of  1.8  m above  the  nround).  The  site  should  oe  fenced  off  ov  oaroed 
wire.  The  minimum  distance  oetween  the  fenca  and  tne  installation  site 
Should  De  3 m. 

fcl.  Dn  the  fence  and  also  on  the  ICS  installation  site,  tnere 
should  be  radiation  danoar  slrms  0 i cturinci  the  skull  ana  eroasoones 
and  tne  waminaa  "*eeo  Out!",  "Hazard  to  Life",  easilv  s..en  at  a 
distance  of  1U  m. 

U2.  All  units  of  thg  automatic  weatrer  stations,  when  usino  me 
ICS  in  Its  iiorklno  contciiner.  should  oe  set  uo  at  a distance  no  less 
tnan  i m from  the  IC3. 

*•3.  The  soecialired  orn  mi rations  which  carrv  out  the  installation 
of  tne  ICS  must  oe  strictly  account  idle  fnr  it.  Tne  .eather  aervice 
oneratino  automated  stations  .iltn  r IC5,  is  rp  — ur'id  to  notify  the 
soeciaiized  oro  .mi zat inn  in  the  case  of  aosence  of  broadcast  from  the 
station  for  a "eriort  of  a .i*-ek  -met  immediately  taxs  *oint  rnr 

findino  tne  cause  nf  the  cessation  of  station  coeration. 

Tng  9Decializ®d  arnr.niza  ion  should  ask  tna  =>atner  service  aoout 
tne  ooeration  of  tne  weather  station  with  an  ICS  at.  east  on-e  a month. 

Tne  nrtssnee  of  tne  ICS  at  f.nif- rnstallation  site  am  integrity 
of  tne  isotnoe  dock  snrj'iid  oe  verified  for  weather  stations  located 
in  acce  siole  reuirjns  n lonner  than  iij  0 jvs  from  cessation  of  broade-.st 
from  the  station  and,  in  accessible  reniuns,  in  the  shortest  nnssiole 
oeriod.  Tne  intenritv  nf  the  ICS  mav  be  determined  Dv  the  level  of 
external  radiation  und  absence  of  radioactive  contamination  on  its 
surface. 
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When  disturbance  of  inteoritv  (or  riisaoDearance  of 
is  discovered,  the  oroan  of  the  militia,  the  Sanitation  Serv 
the  soecialized  oraanization  should  be  oromotly  informed  and 
taken  to  erase  the  damaae  and  locate  the  ICS. 


the 


ICS) 
and 
imeasures 


ice 


<♦5.  When  disconti nuino  a weather  station  when  it  is  no  lonoer 
needed  or  owino  to  failure  of  the  ICS  which  cannot  be  reoaire'd  on 
site,  the  ICS  should  he  delivered  to  its  place  of  manufacture  for 
reDair  or  to  the  nearest  ooint  of  radioactive  waste  disposal.!  Such 
work  should  be  oerformed  only  bv  specially  trained  personnel.!  Shinnino 
of  the  ICS  for  these  ournnses  should  be  carried  out  in  the  shio>ino 
container,  uhen  usino  the  ICS  in  the  workino  container,  it  should 
be  placed  in  the  shipoina  container  at  the  nearest  oiace  available 
for  delivery  of  the  snipoino  container. 


k£>.  Before  chanaino  the  thermonile  or  before  repair  of  a non- 
functionino  ICS  on  site,  it  is  necessary  to  convince  oneself  pf 
its  inteority. 
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